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The Boneyard Creek is a small urban waterway that runs through Champaign and Urbana, 
Illinois. The creek's existing channel geometry cannot contain the high discharges that are a 
result of watershed urbanization, and thus water flows out of the stream's banks on a regular 
basis. The University of Illinois is in the process of implementing a plan to protect buildings 
on its campus from floods of up to a 100-year return period. 
A one-to-twelve scale physical model was constructed on the floor of the Ven Te Chow 
Hydrosystems Laboratory in order to investigate the hydraulic behavior of the Lincoln Avenue 
bridge and surrounding floodplain. The model was tested with the existing channel geometry 
in place for a range of discharges that included floods with return periods greater than 100- 
years. The influence of several variables was investigated, including effects of the 54-inch 
storm sewer that joins the creek under Lincoln Avenue, seasonal variability of the upstream 
channel roughness, and different flow stages at the downstream boundary. 
The model was then changed to reflect the geometry of the proposed channel improve- 
ments. Tests were again run for flows up to and beyond the 100-year flood, and the hydraulic 
characteristics of both configurations were compared. 
The study determined that the major controlling feature for upstream water surfaces is the 
drop structure that currently exists underneath the Lincoln Avenue bridge. At lower flows, the 
water passing over the drop achieves supercritical flow conditions, thus controlling upstream 
water surfaces elevations. The drop structure geometry has great influence at higher discharges 
as well, when it restricts the flow so that water backs up behind the bridge. This effect is det- 
rimental to the surrounding area, however, because water that would normally pass into the 
culvert without incident becomes overland flow that runs east to rejoin the channel downstream 
of the culvert. 
The proposed lowering of the channel bottom with the consequent removal of the drop 
structure were found to decrease stages within the channel upstream of Lincoln Avenue. The 
proposed improvements also protected the Hendrick House parking lot from the 100-year 
flood, and reduced flood stages on Lincoln Avenue and downstream in Urbana by approxi- 
mately .87 and .74 feet, respectively. The modifications also performed well for discharges up 
to 1800 cfs, which could occur if upstream stormwater storage facilities do perform as planned 
and thus do not reduce the discharge rate downstream. 
This research was sponsored by the University of Illinois College of Engineering and the 
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1.1 BACKGROUND 
The Boneyard Creek is a small stream that flows through the cities of Champaign and Ur- 
bana, Illinois. Draining an urban watershed of approximately 7.45 square miles, the creek is 
the primary conduit for removal of storm water runoff in the Champaign-Urbana area. In re- 
cent years, continuing growth of the two cities has led to urbanization of the Boneyard Creek's 
watershed, and has resulted in increased runoff for any given storm event. The Boneyard 
Creek cannot contain the volume of water, and thus flooding of the area is a common occur- 
rence. 
Historically, many flood-control improvements have been made to the Boneyard Creek. In 
the 1950's, the northwest branch of the Boneyard was diverted directly into the Saline Branch 
creek to reduce discharges downstream. In 1957, a plan was conceived to lower the grade line 
of the channel from its confluence with the Saline Branch in Urbana up through its entire 
length. In 1963, Urbana began construction on the creek, lowering the bottom by about three to 
four feet, and installing steel sheet pile walls and a poured concrete bottom. Due to monetary 
constraints, however, construction did not continue through the University of Illinois campus or 
Champaign. Instead, a temporary concrete lip was installed under Lincoln Avenue, with the 
intention of taking it out when the University of Illinois and City of Champaign could find the 
money to continue construction. After 36 years, this temporary fix has become known as the 
"drop structure." 
Recently. the City of Champaign and the University of Illinois have implemented a plan 
for Boneyard Creek flood control. The two-phase strategy has been designed to provide flood 
protection for up to 25-year floods in Champaign and 100-year floods on the University of Illi- 
nois campus while at the same time maintaining downstream discharges at the pre-
improvement level. In the first phase of the plan, several improvements in Champaign were 
built. A detention pond was constructed at the comer of Healey and First Streets in Champaign 
and was designed to store up to 118 acre-feet of water in order to alleviate peak discharges 
downstream. In conjunction with the detention basin, the grade line of the creek upstream of 
Wright Street was lowered by approximately three feet, and the creek was encased in large 11 -
foot diameter pipes. Several of these pipes were designed to act 2s ifi-lifie storaop r~qervoirs,a- -----
which also added twenty acre-feet of storage to the creek. Two flow restrictors and a flood- 
control wall were also added to the creek to better control the downstream discharge. 
The second phase of the flood control plan is to be completed by the University of Illinois. 
Some of the modifications planned by the University include the removal of the drop structure 
under Lincoln Avenue and the completion of the lowered grade line between Lincoln Avenue 
and Wright Street. The University also intends to improve the conveyance and storage capacity 
of the Boneyard by deepening and widening the channel and increasing the size of bridge open- 
ings on campus. The preliminary design of these modifications was facilitated by a SWMM 
computer model used by Camp, Dresser, and McKee, of Chicago, IL. 
1.2 MOTIVATIONAND OBJECTNES 
The Lincoln Avenue bridge forms the downstream boundary of the proposed University of 
Illinois channel improvements. It is critical that the hydraulic characteristics of this structure 
be understood to guarantee that modifications to the surrounding area do not dramatically 
change flow conditions downstream. In order to explore the behavior of this part of the Bone- 
yard Creek, a one to twelve scale model has been constructed on the floor of the University of 
Illinois Civil and Environmental Engineering Department's Ven Te Chow Hydrosystems Labo- 
ratory. 
The model study was conceived with three main objectives in mind. First, data from the 
model would be used to verify the performance of the theoretical computer model that was 
used in the initial design phases of the project. Second, the physical model could be used to 
investigate the effects of certain variables on the hydraulic performance of the system in greater 
detail than any theoretical model could afford to predict. The resulting data will be used by en- 
gineers from the University of Illinois and the engineering firm of Berns, Clancy, and Associ- 
ates to fine-tune the design of flood control improvements on the University of Illinois campus. 
Third, the model study will be utilized as a basis of comparison between the hydraulic perform- 
ance of the existing channel geometry and that of the post-improvement channel. 
The first step toward fulfilling these objectives was to accurately represent the full-scale 
Boneyard Creek in the laboratory. Next, the physical model had to be calibrated in order to 
guarantee that the flow conditions generated in the model were indicative of those in the field. 
Finally, the model had to be tested with both existing and proposed channel conditions to de- 
termine the effects that possible modifications would have on the performance of the system. 
CHAPTER2 -MODELDESIGNAND CONSTRUCTION 
2.1 HYDRAULIC OF OPEN CHANNEL MODELING FLOW 
For a hydraulic model study to accurately represent field conditions, the flow within the 
full scale channel and the model channel must be related by a certain correlation. In order for 
this correlation to work correctly, the model and prototype must fulfill three criteria. The first 
of these requirements is that the model and prototype be geometrically similar. Geometric 
similarity means that the length ratio of corresponding features in the prototype and model be 
equal. Second, a relationship between flow streamlines in the model and prototype must be 
satisfied. In this case, the streamlines of water flowing through the prototype and model must 
be geometrically similar. This is known as kinematic similarity. The final requirement for hy- 
draulic modeling is dynamic similarity. To achieve dynamic similarity, the force vector ratios 
between model and prototype must be equal. In other words, the force distribution is such that 
at corresponding points in flows through the model and prototype, forces are acting in the same 
direction and are proportional in magnitude. 
The requirements of hydraulic similarity can be characterized through a dimensional 
analysis. This analysis provides dimensionless groups that must be duplicated between hydrau- 
lically similar flows. Since gravitational forces dominate the flow behavior in most open- 
channel applications. the Froude number will be used as the correlation between model and 
prototype flows: 
This dimensionless parameter expresses the ratio of inertial to gravitational forces, where V is 
the mean flow velocity. g is the acceleration of gravity, and H is the mean flow depth. The 
construction of a Froude model is based on the concept that the Froude number is required to 
be equal in both the prototype and model systems. 
Other forces important in open channel flow are viscous (frictional) in nature. When vis- 
cous forces control the flow behavior, the Reynolds number must be equal for both prototype 
and model flows. The Reynolds number expresses the ratio between inertial and viscous 
forces: 
Where v is  the kinematic viscosity of the fluid. 
It is often impractical to satisfy the requirements set by both the Reynolds and Froude 
numbers. If both model and prototype flows are well within the turbulent regime (i.e. high 
Reynolds numbers), frictional coefficients will be mainly a function of the relative roughness, 
and scale effects due to viscous forces can be expected to be negligible. Thus, the Froude law 
alone is sufficient to develop an accurate hydraulic model. 
Because this model includes a combination of free-surface (open channel) and pressurized 
(culvert) conditions, it is important to verify the existence of fully developed turbulent flow 
conditions inside the culvert. To do this, the values of model and prototype Reynolds numbers 
are calculated within the culvert. A Reynolds number value greater than 2000 indicates that the 
flow is within the turbulent regime. 
Tables 2.1 and 2.2 on the next page show calculations for Reynolds numbers within the 
culvert for discharges of 900 and 1000cfs. The flow for 900 cfs used the CDM tailwater rating 
cunve and the discharge of 1000 cfs used the normal tailwater rating curve. The different tail- 
water boundary conditions were used in order to guarantee that for different discharges the cul- 
vert was fully surcharged but that no overland flow circumvented the system. It is clear from 
Tables 2.1 and 2.2 that the flow is fully turbulent in both the model and prototype. 
A length scale of 1 to 12 was chosen for this hydraulic model. Using the Froude number, 
the protot>-pe'model parameter ratios are defined by the following relationships: 
L 
L, = Length Ratio =2=12 

Lm 

-4, = Area ratio =L, =111 
T, = Time ratio =L, = 3.46 

J ;= Velocity ratio =L, 112 = 3.46 

0,= Discharge ratio = =L , ~ / ~198.83 

12, = n ratio L , I / ~= 1.51
~ a n n i n ~ l s  = 
Where the subscripts p and m denote the prototype and model values, respectively, and the 
subscript r signifies a ratio between the model and prototype values. 
-- - 
Table 2.1 -Reynolds Number Calculations for 900 cfs 
Prototype 
Discharge (cfs) 
Water Depth (ft) 

Culvert Width (ft) 

Flow Area (ft2) 

Wetted Perimeter (ft) 

Hydraulic Radius (ft) 

Hydraulic Diameter (ft) 

Water Temp (OC) 

Viscosity (ft2/s) 

Flow Velocity (Ws) 

900 
9.71 
17.56 
170.51 
54.54 
3.13 
1 2.5 1 
24.3 

I.00E-05 

5.28 

Model 
Discharge (cfs) 
Water Depth (ft) 

Culvert Width (ft) 

low ~ r e a(ft2) 

Wetted Perimeter (ft) 

Hydraulic Radius (ft) 

Hydraulic Diameter (ft) 

Water Temp (OC) 

Viscosity (ft2/s) 

Flow Velocity (Ws) 

1.80 
0.809 
1.46 
1.18 
4.55 
0.261 
1 .04 
24.3 

I.00E-05 

I.52 
Reynolds Number 1 65809 1 7 Reynolds Number 1 1 583 1 2 
Table 2.2 -Reynolds Number Calculations for 1000 cfs 
Prototype 
Discharge (cfs) 
Water Depth (ft) 

Culvert Width (ft) 

low ~ r e a(ft2) 

Wetted Perimeter (ft) 

Hydraulic Radius (ft) 

Hydraulic Diameter (ft) 

Water Temp (OC) 
viscosity (ft2/s) 
Flow Velocity (Ws) 
Reynolds Number 
1000 
9.71 
17.56 
170.51 
54.54 
3.13 
12.51 
25.2 

9.79E-06 

I 5.86 

1 749 1 386 

Model 
Discharge (cfs) 
Water Depth (ft) 

Culvert Width (ft) 

low ~ r e a(ft2) 

Wetted Perimeter (ft) 

Hydraulic Radius (ft) 

Hydraulic Diameter (ft) 
Water Temp (OC) 

Viscosity (ft2/s) 

Flow Velocity (fils) 

Reynolds Number 

2.00 
0.809 
1.46 
1.18 
4.55 
0.261 
1.04 
25.2 
9.79E-06 
I.69 
18021 5 
2.2 WATERDELIVERYAND MODELBASINCONSTRUCTION 
2.2.1 RECIRCULATINGWATERSUPPLY 
The Hydrosystems Laboratory is equipped with a recirculating supply system that feeds 
water to the Boneyard Creek model. Water used in the model is stored in a twelve-foot-deep 
sump below the floor of the jab. Water is pumped from the sump to a water tower outside the 
building that provides a constant fifty feet of hydraulic head for the laboratory systems. From 
the head tank, water flows into the Boneyard Creek model through a network of pipes and 
valves. After exiting the model the water falls into a four-foot-deep drainage trench which re- 
turns it to the sump to be used again. 
2.2.2 MODELBASINCONSTRUCTION 
The model basin is the infrastructure that is constructed on the floor of the Hydrosystems 
Lab before the rest of the model is built. This framework consists of the basin itself, the head 
box, and the tail box. The main part of the basin is 32 feet long, 7-1/2 feet wide, and was con- 
structed from 314-inch plywood supported by four-by-four posts. This 2-112-foot-deep box's 
main use is to support the model itself and to act as a boundary to contain water flowing on top 
of the model's surface. 
The head box is a nine-foot-long by three-foot-wide by seven-foot-deep reservoir that sits 
inside the Hydrosystems Lab's drainage channel at the upstream end of the model. Water sup- 
plied by the lab piping system enters the model through this tank. The head box was cast from 
four-inch-thick concrete reinforced with number three rebar. Its main function is to dissipate 
the turbulence in the water induced by pipe flow before the water enters the model. 
The tail box is a 6-112-foot-long by 10-foot-wide reservoir that collects water exiting the 
model before returning it to the lab's drainage channel. The 3-foot-deep tank is separated from 
the drainage channel by a steel leaf gate that is used to set the tailwater boundary condition dis- 
cussed in the next chapter. After flowing over the leaf gate, the water exits the model through a 
three-foot-wide outlet into the drainage trench. 
Figures 2.1 and 2.2 on the next page are overhead views of the model basin, head box and 
tailbox. Figure 2.2 shows the model setup as it appears on the floor of the Hydrosystems Lab 
and Figure 2.3 displays the same setup but includes the storm sewer system (to be discussed in 
section 2.3.2). 
2.2.3 PIPINGSYSTEM DISCHARGEAND FLOW MEASUREMENT 
Water from the Hydrosystems Lab's recirculating system is delivered to the model's head 
box by an eight-inch diameter steel pipe. The pipe is connected to a diffuser in the bottom of 
the concrete head box where turbulence induced by pipe flow is dissipated before the water 

flows into the model. The flowrate coming into the model is controlled by a valve and ma- 
nometer setup. A Dall Flow Tube was installed in the main supply line between the water 
tower and the valve. The flow tube was designed so that a pressure differential is generated as 
water flows through it. This head loss is constant for any given discharge and can be deter- 
mined by connecting a manometer to the flow tube's pressure taps. The Dall Flow Tube's head 
loss-discharge relationship was determined using the Hydrosystems Lab's volumetric weigh 
tanks. For a certain manometer displacement, a weight-time measurement was taken to deter- 
mine the volumetric flow rate being delivered through the pipe. The calibration curve for the 
Dall Flow Tube-manometer system is included in Appendix A. 
2.3 MODEL CONSTRUCTION 
2.3.1 TOPOGRAPHICMODELING 
The topographical basis for the physical model was derived from field surveys performed 
by the engineering firm of Bems, Clancy, and Associates in Urbana, IL. This survey informa- 
tion was entered into an AutoCAD program, and scaled to the one to twelve ratio of the physi- 
cal model. The information was then plotted out in the form of twenty cross sections, each 
oriented perpendicular to an east-west baseline to facilitate model construction. The plotted 
paper cross sections 
were glued to sheets of 
twenty-gauge steel and 
cut out to form solid 
templates. The finished 
templates were mounted 
vertically within the 
model basin according 
to the river station of 
the corresponding sur-
vey. Each template was 
Figure 2.3 -Model Basin During Construction 
vertically aligned with 
other cross sections using a survey level. Figure 2.3 is a photograph of the model basin with 
the first two topographic templates installed. The space between templates was filled with 
plywood platforms supported by two-by-four wooden columns. After filling in the void space, 
the top three inches of the model were covered with concrete to provide a continuous surface 
for testing. Once the concrete hardened, cracks were filled with silicone caulk and the entire 
model was coated with latex paint to make the surface watertight. 
2.3.2 STORM SEWER SYSTEM 
The flow of water through a storm sewer system is primarily gravity controlled. The storm 
sewer is designed so that overland runoff is collected in the watershed and flows downhill 
through pipes to the receiving water, which in this case is the Boneyard Creek. As long as the 
water level in the creek is lower than the surface at the storm sewer inlet, drainage will occur. 
If the creek level rises too high, the storm sewer will become surcharged, and the water in the 
sewer will flow backward through the pipe to find an outlet other than the creek, such as a 
manhole or one of the sewer inlets. 
A major difficulty in the construction of the physical model was to design the storm sewer 
system so that it would accurately represent the prototype sewer behavior while at the same 
time allowing measurement of the input flowrate. The final design used a separate head tank 
and overflow weir to allow discharge measurement while maintaining a free surface in the sys- 
tem at all times. 
Water was supplied to the storm sewer by a four-inch PVC pipe connected to the lab's 
recirculating supply system. This valve-controlled line was used to fill a small steel head tank 
that was mounted on top of the model basin's concrete head box. The water in the tank flowed 
through a diffuser and several baffles to dissipate any turbulence, and then exited through a 
twenty-degree \*-notch weir. The flowrate passing across the weir was determined by 
measuring the depth of water over the weir's apex with a point gage. The depth-discharge 
relationship for the weir had been determined prior to its installation in the model, and its 
calibration cun7e is included in Appendix A. After flowing across the weir, the water collected 
in a plywood box and flowed to the model through a PVC pipe. The actual size of the 
prototype storm sewer is 54 inches, which scales to 4-112 inches in the model. The 4-1/2-inch 
size is not a common one, so a six-inch PVC pipe was used to convey the water from the steel 
head tank to the model. 
The six-inch supply pipe carried water to where the storm sewer system entered the model 
through the basin wall. Once inside the model, the storm sewer water passed through a TEE 
junction and then flowed through the 4-1/2-inch diameter storm sewer pipe before entering the 
Boneyard Creek under the Lincoln Avenue bridge. The TEE junction was connected to a 
manhole that was installed at street level. The manhole was necessary to act as a pressure 
release in the event that the model's storm sewer became surcharged. Water would then flow 
out onto the street, as in a real storm sewer system. 
2.3.3 STEEL SHEET PILE WALLS 
When Urbana lowered the grade line of the Boneyard Creek in the mid 1960's, the bottom 
of the creek was lowered by approximately 3-1/2 feet. To reinforce the banks of the creek, 
steel sheet piles were driven into the ground. These sheet pile walls were corrugated in a trape- 
zoidal pattern, so as to create an unusual roughness could impede the flow of water along them. 
In order to be as accurate as possible, the physical model of the Boneyard Creek had to include 
a geometric representation of these walls. 
Templates for the sheet piles were cut from 314-inch pine boards that were four feet long 
by ten inches tall. The corrugated pattern was cut into the boards using a router and a 1-318- 
inch rounded chamfer 
bit. The corrugations 
were cut 1/4-inch deep 
and were separated by 
3/8-inch. The wooden 
templates were then in- 
stalled in the model 
along the sides of the 
Figure 2.4 - Sheet Pile Wall Template channel downstream of 
the drop structure. and concrete was cast against their faces to yield the solid detail of the sheet 
piles. Figure 2.4 is a photograph of one of the templates used to cast the sheet-pile walls in Ur- 
bana. 
2.3.4 MEASUREMENT TAPS, POINTSPINS, PRESSURE AND FLOODPLAIN 
Measurements of water surface elevations on the model were taken with a Vernier-scale 
point gage. The point gage was mounted on a movable steel fiarne, which was equipped with a 
leveling bolt on each of its four comers. To provide a benchmark for water surface measure- 
ments, six steel pins were fastened to the right bank of the creek upstream of the entrance to the 
Lincoln Avenue bridge. These pins were surveyed to determine their elevation relative to the 
rest of the model. When taking measurements, the steel frame was set up to span the channel 
above one of the pins. A reference point gage measurement was made on the top of the pin, 
and then three water surface readings were made within the channel. The water surface eleva- 
tion was then calculated using the measured difference between the averaged water surface 
reading and the top of the benchmark. 
Since most of the model represented the Lincoln Avenue bridge and culvert system, direct 
point gage measurements of water surfaces were not possible where the channel was enclosed. 
Twenty-two pressure taps were installed to allow measurement of water surface elevations 
within the culvert system. The pressure taps were holes drilled into the concrete floor of the 
channel and were connected to a series of open cylinders outside of the model via flexible plas- 
tic tubing. Hydrostatic pressure caused the water level in the cylinders mounted on the wall of 
the model to reach the same elevation as the surface of the water over the tap itself. The eleva- 
tion of the water surfaces in each cylinder was then determined using another point gage. 
During experiments when significant overland flow occurred, water depth measurements 
were made at several points on the model's floodplain. Twelve points were defined on the sur- 
face of the model. and each was surveyed in order to determine the ground elevation at that 
point. \$%en taking measurements, the steel-frame-mounted point gage was centered over each 
floodplain point and two measurements were taken, one each at the ground and water surfaces. 
The depth of water and elevation of the water surface could then be calculated. 
Tables 1.;through 2.5 on the next two pages list the locations of the pins, pressure taps, 
and floodplain measurement points in the model. Also, Figures 2.5 and 2.6 on page 15 are 
graphic representations of the tables. 
Table 2.3 -Locations and Elevations of Model 
Measurement Pins 
Table 2.4 -Location of In- 

Channel Pressure Taps 

Table 2.5 -Location and Elevation of Floodplain 
Measurement Points 
Measurement 

Point 

A 
B 

C 

D 

E 

F 
G 
H 

I 

J 

K 

L 

Distance fTom 
Model Basin 
North Wall 
(inches) 
6 718 

76 318 

7 

76 314 

7 718 

7 314 

43 

30 112 

76 112 

13 114 

77 311 6 

14 718 

Point Station 
72+88.2 
72+78.I 

72+31.8 
71 +97.9 
71 +73.4 
71+32.8 
70+84.5 
70+69.3 
70+51.6 
70+12.5 
69+82.0 
69+50.I 

Flo o dplain 
Elevation (feet 
above MSL) 
710.81 
713.32 
71 0.74 
71 3.09 
71I.09 
71 2.46 
712.81 
71 3.25 
71 2.94 
71 3.92 
714.63 
71 4.30 

3.1 BOUNDARYCONDITIONS 
3.1.1 UPSTREAM FLOWSINPUT 
One of the main goals of the University of Illinois flood control plan is to protect campus 
buildings fiom water damage for floods of up to a 100-year return period. A Surface Water 
Management Model (SWMM) computer model was used by Camp, Dresser, and McKee to aid 
in the original design of the University's flood control measures. This computer model was 
used to predict the overland runoff, stream discharge, and water surface profiles resulting from 
rainfall on the Boneyard Creek watershed. For the purposes of the physical model study, the 
SWMM model was useful in defining the boundary conditions to be used during testing. 
Two frequency-discharge relationships were developed for the Boneyard Creek according 
to the SWMM computer model data as presented in the Joint Agency Perrnit Application 
(1998). The first relationship defined the return periods for floods with the existing channel 
conditions still in place. This relationship was used to determine the values of upstream input 
discharges for the physical model, thus ensuring that the model would collect all data pertinent 
to the design of flood control improvements. The discharges for the upstream boundary condi- 
tion ranged from 600 cfs (one-year flood) to 1800 cfs (1 00-year flood), increasing at 100 cfs 
intervals. 
After the model was tested with existing conditions in place, it had to be rebuilt to reflect 
the proposed improvements the University had planned. These modifications made it nec- 
essary to define a separate set of boundary conditions. The new set of upstream inputs was 
once again based on the data from the SWMM computer model, and was lower than pre-im- 
provement condition discharges. These floods were defined assuming that the Healey Street 
detention basin, the campustown in-line storage, and the University of Illinois channel im- 
provements were completed and effectively reducing peak discharges downstream. In order to 
model all prototype discharges up to the proposed 100-year flood, the model's upstream input 
flows were chosen to be between 400 cfs and 1500 cfs. 
The upstream input flows for existing and proposed conditions are presented in Table 3.1, 
along with corresponding recurrence intervals for each given discharge. 
Table 3.1 -Upstream Discharges and Return Periods for 

Existing and Proposed Conditions 

Existing Conditions Proposed Conditions 
Upstream Input Approximate Upstream Input Approximate 
Discharge Return Period Discharge Return Period 
(cfs) (years) (cfs) (years) 
600 0.4 400 0.5 
700 0.9 500 0.8 
800 1.8 600 I.4 
900 3.4 700 2.4 
1000 6.0 800 4.0 
1100 10.0 900 6.9 
1200 15.9 1000 11.8 
1300 24.4 1100 20.2 
1400 36.2 1200 34.6 
1500 52.2 1300 59.I 
1600 73.7 1400 101.1 
1700 101.8 1500 172.8 
1800 138.0 
3.1.2 STORMSEWERINPUTFLOWS 
Because of its large size and drainage area, the effects of the 54-inch storm sewer entering 
the Boneyard Creek under Lincoln Avenue had to be included in the physical model. In order 
to accurately model the storrn sewer's behavior, a relationship between the storm sewer dis- 
charge and the upstream input flow had to be established. The Boneyard Creek drains a total 
watershed area of 7.45 square miles, or 4768 acres. Of those 4768 acres, 1370 of them contrib- 
ute to the creek's discharge at the upstream end of the Lincoln Avenue bridge. The 54-inch 
storrn sewer that enters the creek under Lincoln Avenue is responsible for draining 233 acres of 
the Boneyard Creek watershed into the stream. 
According to the Rational Formula for estimating peak watershed discharges, the peak 
flowrate (Qp )due to runoff during a rainstorm will be equal to a runoff coefficient (C) multi-
plied by the rainfall intensity (i) and watershed area (A) .  
Q, = CiA 
In a small, urban watershed the runoff coefficient can be assumed to be roughly constant 
across the entire watershed area. Also, for a given storm, the small watershed area allows the 
assumption that rainfall intensity will be the same over all parts of the watershed. With these 
simplifications, the magnitude of the peak discharge in the Boneyard Creek will be proportional 
to the total area that contributes to the flow up to that point. The same proportionality holds 
true for the storm sewer. Thus, the ratio of the peak discharge of the Lincoln Avenue storm 
sewer to the peak discharge found just upstream of the Lincoln Avenue bridge will be equal to 
the ratio of the area drained by the respective conduits. 
Qp .storm sewer 
-
AStormsewer -
-
233 acres 
= .098 
Op , u p to bridge Aup to bridge 23 70acres 
As illustrated above, the discharge through the model's storm sewer system should be 
equal to 9.8% of the flowrate entering the model at its upstream boundary. Table 3.2 lists the 
input flow parameters for the upstream boundary and corresponding storm sewer discharges for 
existing and proposed conditions. 
Table 3.2 -Upstream and Corresponding Storm Sewer Dis- 
charges for Existing and Proposed Conditions 
Existing Conditions 
Upstream Input Storrn Sewer Upstream Input Storrn Sewer 
Discharge Input Discharge Discharge Input Discharge 
(cfs (cfs) (cfs) (cfs) 
600 58.8 400 39.2 
700 68.6 500 49.0 
800 78.4 600 58.8 
900 88.2 700 68.6 
1000 98.0 800 78.4 
1100 107.8 900 88.2 
1200 1 17.6 I000 98.0 
1300 127.4 1100 107.8 
1400 137.2 1200 117.6 
1500 147.0 1300 127.4 
1600 156.8 1400 137.2 
1700 166.6 1500 147.0 
1800 176.4 
3.1.3 TAILWATERRATINGCURVE 
The elevation of the tailwater at the downstream end of the model is the final boundary 
condition that has to be defined before calibration of the model can begin. The tailwater rating 
curve is defined by a stage-discharge relationship that determines the water surface elevation at 
the downstream boundary of the model as a function of the flowrate. For existing conditions, 
two such relationships were derived for the Boneyard Creek model. 
The first tailwater rating curve was based on data generated by Camp, Dresser, and 
McKee's SWMM model. This data was used to construct a stage-discharge relationship at the 
entrance to the Busey Avenue bridge, river Station 66+30. Utilizing cross-sectional and chan- 
nel roughness data from Yen and Gonzalez (1997), a backwater computation program based on 
the Standard Step Method was written. Then, using the SWMM model data as a starting point, 
calculations were performed to determine the water surface elevations at the downstream 
boundary of the physical model, Station 69+30. 
The second set of boundary conditions was based upon the normal depth of the creek 
downstream of the Lincoln Avenue bridge. Manning's equation for open channel flow can be 
used to calculate the discharge in a waterway depending on physical criteria such as channel 
geometry, channel slope, and roughness. Once again, using information from Yen and Gon- 
zalez (1997), these parameters could be determined. Manning's equation could then be rear- 
ranged to yield an expression for total discharge in terms of water depth. By an iterative 
procedure. the depth of water was calculated for all discharges used in the testing of existing 
conditions. 
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investigate the hydraulic behavior of the Lincoln Avenue bridge. Water flowing over the drop 
structure u-i11 achieve supercritical depth. This boundary condition makes the drop structure 
the major controlling factor for upstream water surface elevations. If, however, the water sur- 
face doiinstream of the drop structure (i.e. the tailwater) gets high enough, the supercritical be- 
havior at the drop will be drowned out. The height of the tailwater will force the water depth 
over the drop to be greater than critical depth. When this occurs, the drop itself will no longer 
determine the upstream water surface profile, and the tailwater will become the control for up- 
stream water surface elevations. The two existing geometry boundary conditions can be used 
to determine at what downstream elevation the tailwater will take over control of the upstream 
behavior by comparing the water surface profiles that result from each boundary condition. 
The two different stage discharge relationships are presented in tabular form in Table 3.3 and 
graphically in Figure 3.1. 
Table 3.3 -Stage Discharge Relationships for the 

Boneyard Creek 

S WMM model Calculated Normal Depth 
Boneyard Creek Water Surface Water Surface Water Surface 
Discharge Elevation at Elevation at Elevation at 
(cfs) Station 66+30 Station 69+30 Station 69+30 
(ft above MSL) (ft above MSL) (fi above MSL) 
71 1 707.3 707.64 706.35 
829 708.2 708.52 707.01 
976 71 0.3 710.52 707.81 
1080 71 1.7 71 1.87 708.35 
1270 712.6 712.74 709.33 
1470 713.1 71 3.25 710.31 
1750 71 3.4 71 3.58 71 1.21 
I 1 1 I 
705 I 
500 750 1000 1250 1500 1750 2000 
Discharge (cfs) 
Figure 3.1 -Physical Model Tailwater Rating Cuwes 
Once existing conditions were sufficiently tested, the model was changed to reflect the 
channel geometry that the proposed improvements would incorporate. These improvements 
include the removal of the drop structure under Lincoln Avenue, making two tailwater rating 
curves unnecessary for the post-improvement phase of modeling. Since the proposed Univer- 
sity of Illinois improvements do not alter the channel geometry downstream of Lincoln Ave- 
nue, the stage discharge relationship will be the same as the pre-improvement rating curve. 
Therefore, the downstream boundary condition for the post-improvement phase of modeling 
was set according to the tailwater rating curve derived from the SWMM model data for the pre- 
improvement testing phase. 
3.2 MODELCALIBRATION 
3.2.1 COMPARISON MODELWITH COMPUTER PREDICTIONS 
After the boundary conditions are defined, a physical model is usually calibrated by com- 
paring stages developed in the model to measured data at a corresponding location in the proto- 
type. In the case of this study, however, there were no field stage data available for the area of 
the Boneyard Creek being considered, so data generated by the SWMM model was used as a 
substitute for observed data. 
The computer model had been used to predict water surface elevations throughout the 
length of the Boneyard for the purpose of designing the University's flood control improve- 
ments. Stage data for the reach upstream of Lincoln Avenue was generated by the model for 
seven different floods, those with return periods of one, two, five, ten, twenty-five, fifty, and 
one hundred years. In order to compare the physical model measurements with the computer 
model data, the upstream input, storm sewer input, and tailwater elevation of the model were all 
set equal to corresponding values predicted by the SWMM model for one of the flood events. 
The water surface elevation at the upstream end of the model was then compared to the data 
from the computer model. These comparisons are presented in Table 3.4 and Figure 3.2 on the 
next page. 
It can be seen fiom Table 3.4 and Figure 3.2 that the data fiom the physical model agree 
closely with the water surface elevations predicted by the SWMM model. Differences in stage 
between the two models varied from .1 to .7 feet prototype scale. Both models predict similar 
stages, but the lack of measured data makes it difficult to determine whether or not the values 
returned by the models are correct. 
Table 3.4 -Comparison of Water Surface Elevations 
Storm Return 
Period (Years) 
Upstream 
Discharge 
(cfs) 
Water Surface 
Predicted by 
SWMM Model 
(feet above MSL) 
Measured 
Physical Model 
Water Surface 
(feet above MSL) 
I 622 71 0 709.9 
2 71 9 71 0.6 71 0.6 
5 836 71 1.9 71 1.4 
I0 947 713.3 712.6 
25 1110 714.4 714.2 
50 1310 715 715.2 
100 1590 715.5 71 5.8 
3.2.2 WINTERCHANNELROUGHNESS 
As part of the calibration process, the Manning's n roughness coefficient was determined 
for the reach of the Boneyard Creek upstream of the Lincoln Avenue bridge. Stage data was 
collected at the six upstream pin measurement stations and the first eight upstream pressure 
taps for flow rates of 600 cfs, 700 cfs, and 800 cfs. The water surface profiles yielded by these 
measurements were then plotted in a spreadsheet. Next, using cross-sectional data from the 
model templates provided by Bems, Clancy, and Associates, a backwater computation program 
was written for the channel upstream of the Lincoln Avenue bridge. Using the measured data 
as a starting point, the upstream water surface profile was calculated using the Standard Step 
Method and plotted next to the measured data. 
By substituting different values of Manning's n into the backwater computation program, 
the computer-generated profile was made to match the measured profile from the model. Satis- 
factory agreement between the profiles at 600 cfs, 700 cfs, and 800 cfs was achieved when the 
model channel's Manning's n value was set to .016, which was scaled to .024for the prototype. 
A sample of the backwater calculation for winter roughness conditions is demonstrated in Ap- 
pendix C. 
The obtained value of .024 for the prototype is typical of a canal with rough stony beds 
and weeds on earth banks. An inspection of the Boneyard Creek upstream of Lincoln Avenue 
shows that this Manning's n value is a fair approximation for the channel's condition for part of 
the year. An important factor 
that may be overlooked, how- 
ever, is the vegetation that is 
prevalent along the creek's 
banks. During the winter, 
plant growth may contribute 
little to frictional resistance 
during flood stages. During 
summer months, on the other 
hand, the creek is choked with 
plant life that will dramatically 
Figure 3.3 -Photograph of the Boneyard Creek in increase the water level in the 
Mid-January channel for a given discharge. 
Because of the seasonal variability of Manning's n values for the creek's banks, it was decided 
to verify the calibration of the physical model against the computer model for a condition with 
increased roughness in the channel upstream of Lincoln Avenue. The condition of the creek 
with the original model calibration roughness of .016 (.024 prototype) will be known as the 
winter roughness, and the second, more resistive condition will be referred to as the summer 
roughness. 
3.2.3 SUMMERCHANNELROUGHNESS 
In order to achieve roughness conditions that more accurately represent those found along 
the Boneyard Creek in the summer, the Manning's n value of the model channel had to be ad- 
justed to approximately .027 (.041 prototype). This target value was programmed into the 
same backwater calculation program used to determine the original channel roughness. Water 
surface profiles were calculated for the discharges of 600 cfs, 700 cfs, and 800 cfs. Due to the 
increased roughness factor, the newly calculated profiles were higher than the old ones. These 
calculations are also demonstrated in Appendix C. 
In order to match the newly calculated profiles with physical model measurements, rough- 
ness had to be added to the banks of the model's channel. This extra resistance came in the 
form of chicken wire to model 
the gabion baskets and plastic 
aquarium plants to represent live 
vegetation. The roughening was 
an iterative process. where some 
friction was added to the banks, 
and new stage data was col-
lected. The measured data was 
then plotted nest to the com-
puter-generated data and plants 
or chicken lieire were added or 
removed lo discrep- Figure 3.4 -Photograph of the Boneyard Creek in 
ancies in the profiles. After sev- Mid- June 
era1 steps, the measured data from flows of 600 cfs, 700 cfs, and 800 cfs agreed with the calcu- 
lated data at an average Manning's n value of .028 for the model, or .042 for the prototype. 
Once a desirable value of Manning's n was achieved, the calibration method discussed in 
Section 3-2.1.1 was repeated. The model boundary conditions were set according to the values 
stipulated by the SWMM model, and stage data was collected at the upstream end of the model. 
As expected, the flood stages generated by the summer roughness condition were higher than 
those for the winter roughness. For purposes of comparison, the water surface elevations from 
the summer roughness condition have been plotted next to those of the winter roughness and 
SWMM model in Figure 3.5 on the next page. Tabular form of the data is in Table 3.5 below. 
Table 3.5 -Comparison of Summer and Winter Water Surface Elevations at 

Station 73+15 

Storm Return 
Period (Years) 
Upstream 
Discharge 
(cfs) 
Water Surface 
Predicted by 
S WMM Model 
(feet above MSL) 
Winter Condition 
Measured 
Water Surface 
(feet above MSL) 
Summer Condition 
Measured 
Water Surface 
(feet above MSL) 
1 622 71 0 709.9 71 0.5 
2 71 9 71 0.6 71 0.6 7Jl . l  
5 836 71 1.9 71 1.4 712.0 
? 0 947 71 3.3 71 2.6 713.5 
25 1110 714.4 71 4.2 71 4.6 
50 1310 71 5 71 5.2 715.3 
100 1590 715.5 715.8 716.0 
It can be seen from Figure 3.4 that the water surface elevations for a summer roughness 
condition are higher than those for corresponding flow rates during winter conditions. How-
ever, they only differ from the winter stages by a maximum of .9 feet prototype scale at 947 
cfs. This difference does not constitute a major discrepancy. Thus, the roughness of the chan- 
nel upstream of Lincoln Avenue does not play a major role in the accuracy of the SWMM 
model predictions. Without any measured field data it is difficult to determine whether or not 
the stages predicted by the physical and computer models are truly correct. However, the 
stages predicted by the SWMM model were proven to correspond closely with the data gener- 
ated by the physical model, no matter what the upstream roughness was. 
709 ! 
0 200 400 600 800 1000 1200 1400 1600 1800 
Discharge (cfs) 
Figure 3.5 -Comparison of Summer and Winter Water Surface Elevations at 
Station 73+15 
4.1 MOTNATION 
The primary goal of this chapter is to gain a better understanding of the hydraulic behavior 
of the Lincoln Avenue culvert system. This knowledge is very important not only to determine 
the cause of present flooding problems, but also to make comparisons between the existing 
channel geometry and that of the proposed improvements. A good understanding of what fac- 
tors affect the performance of the existing Lincoln Avenue culvert will give insight as to how 
the same factors will influence the proposed channel geometry. The analysis presented in this 
chapter will help in determining the advantages (or disadvantages) of altering the existing 
channel geometry. 
The analysis of the existing conditions in this chapter is divided into three steps. The first 
step consists of the testing of the physical model to gain the information needed to complete the 
analysis. The data was compiled by taking many sets of measurements, within each set chang- 
ing certain model variables. The second step involves the deciphering of the data to see what it 
means. For this step, the Lincoln Avenue culvert system was divided into three main compo- 
nents: the upstream channel, the storrn sewer system, and the drop structure. Each component 
is handled separately, using the data taken from the model to determine how certain variables 
affect the component's hydraulic behavior. The third step of the analysis is the synthesis of the 
first two steps, in which the performance of the overall system is judged according to the be- 
havior of each of its main components. 
4.2 EXISTINGCONDITIONDATASETS 
A total of nine sets of data were taken for the existing conditions. Each data set consisted 
of channel and floodplain measurements taken every 100 cfs for discharges ranging from 600 
to 1800 cfs. Each different data set is a measure of the conditions generated by different com- 
binations of three main model variables. These three variables were chosen to be upstream 
channel roughness, storm sewer input, and tailwater elevation. Each of these variables has the 
ability to influence the overall performance of the culvert system, and were discussed in depth 
in previous chapters of this report. Table 4.1 on the next page lists each data set number and 
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lows the table. In this discussion, the motivation for each set is stated, as well as some qualita- 
tive observations of model conditions that resulted from the data set. 
Table 4.1 -Existing Condition Data Sets 
Data Set Test Characteristics 
Number Downstream Boundary Condition Upstream Roughness Condition Storm Sewer Input 
1 No Tailwater Setting Winter Roughness No 
2 Normal Tailwater Curve Winter Roughness Yes 
3 Normal Tailwater Curve Winter Roughness No 
4 Normal Tailwater Curve Summer Roughness Yes 
5 Normal'Tailwater Curve Summer Roughness No 
6 CDM Tailwater Curve Winter Roughness Yes 
7 CDM Tailwater Curve Winter Roughness No 
8 CDM Tailwater Curve Summer Roughness Yes 
9 CDM Tailwater Curve Summer Roughness No 
4.2.1 DATA SET 1: NOBACKWATEREFFECT 
The first set of measurements was taken with no added upstream roughness, no side input 
from the storrn sewer, and no tailwater setting. The 'no tailwater' setting is the result of adjust- 
ing the model's steel leaf gate to a very low level and leaving it in this position for all dis- 
charges. Although not a very realistic condition, the experiments were designed to isolate the 
drop structure and upstream channel from any backwater effects that higher tailwater elevations 
might induce. For this set of measurements, standing water first appeared in the Hendrick 
House parking lot at a discharge of 900 cfs. At 1300 cfs, water began to exit the parking lot 
and flow overland across Lincoln Avenue (signified by a water depth at point H - the crest of 
Lincoln Avenue). The flow then continued downstream to rejoin the creek just after the culvert 
exit. Figure 4.1 on the next page is a plot of water surface profiles resulting from data set one. 
4.2.2 DATA SETS 2 - 5: NORMALTAILWATER 
Data sets 2- 5 were taken using the norrnal depth tailwater rating curve, one of the two 
downstream stage-discharge relationships used in the analysis of the existing channel geometry. 
The normal-depth rating curve was adopted for two reasons. First, the normal tailwater curve 
predicted a rather low value for tailwater elevation for most discharges. This low stage, though 
not very probable during actual flood conditions, was quite useful in the analysis of the drop 
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stream of Lincoln Avenue, there was doubt as to the true stage-discharge relationship with 
which the tailwater boundary condition should be set. The use of two independent rating 
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Figure 4.1 -Profiles for Data Set 1 
curves thus modeled the performance of the Lincoln Avenue culvert system for a range of tail- 
water influences. Of the four data sets that utilize the normal tailwater curve, two were for win- 
ter roughness conditions (with and without storm sewer flowing) and two were for summer 
conditions (with and without storm sewer flowing). 
The normal tailwater setting with winter roughness conditions first produced standing wa- 
ter in the Hendrick House parking lot at a discharge of 900 cfs for both cases of storm sewer 
activity. As discharge was increased, water collected in the parking lot as well as on the north 
side of the stream. When the flow rate reached 1300 cfs, the water began to flow out of the 
Hendrick House parking lot and across Lincoln Avenue only to reenter the channel downstream 
of the culvert. 
When summer roughness conditions were implemented in the normal-tailwater tests, 
ponded water appeared in the Hendrick House parking lot at a discharge of 800 cfs. This dis- 
charge did not change between experiments when the storm sewer was flowing and not flow- 
ing. Water began to flow out of the parking lot and to collect on the west side of Lincoln 
Avenue at  1100 cfs, but significant overland flow did not occur until the discharge reached 
1300 cfs. The overland flow once again crossed Lincoln Avenue and continued east on the 
ground surface until it rejoined the creek past the culvert. Figures 4.2 -4.5 on pages 30 - 3 1 are 
plots of water surface profiles for data sets 2-5. 
4.2.3 DATA SETS 6 - 9: CDM TAILWATER 
The last four data sets were taken with the tailwater set according to the CDM tailwater 
rating curve. Of all the tests run for existing conditions, those utilizing the CDM rating curve 
are the most realistic in terrns of modeling a real storrn. This is due to the fact that the other 
tailwater conditions were implemented in order to isolate upstream behavior from tailwater in- 
fluences. The CDM rating curve was derived from a model designed to electronically recreate 
actual storm events. 
Data sets 6 and 7 were collected with the winter upstream roughness in place. For these 
conditions, ponded water appeared in the Hendrick House parking lot at 900 cfs for both cases 
of storm sewer activity. When the side input from the storm sewer was taken into account, a 
sharp increase in upstream stages and overland flow occurred at flow rate of 1000 cfs. When 
there was no storm sewer input, water did not leave the Hendrick House parking lot and cross 
Lincoln Avenue until the discharge reached 1 100 cfs. 
For summer roughness conditions, standing water was first encountered in the Hendrick 
House parking lot at a lower discharge, namely 800 cfs. Overland flow appeared at the same 
discharges as for winter conditions: 1000 cfs with the storm sewer running and 1100 cfs with- 
out the storm sewer. 
Figures 4.6 through 4.9 on pages 32-33 are plots of water surface profiles obtained from 
Data sets 6 - 9. 
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4.3 ANALYSIS 	 . . 
The Lincoln Avenue culvert system can be broken down into three major components. 
Each of these components can have great impact on the overall performance of the culvert sys- 
tem. In this section, the upstream channel, the storm sewer system, and the drop structure will 
be analyzed in order to determine how each is affected by the variables discussed earlier, and 
how each component can affect the behavior of the whole system. 
4.3.1 UPSTREAMCHANNEL 
The first major component of the Lincoln Avenue culvert system is the open-channel up- 
stream of the bridge. In the previous chapter it was noted that the frictional resistance of this 
part of the channel is subject to a degree of seasonal variability. In this section, changing chan- 
nel conditions from winter to summer will be investigated to determine whether or not they in- 
fluence the degree and frequency of flooding in the vicinity of Lincoln Avenue. 
The tables below are comparisons of stages and water depths at selected points within the 
model channel and floodplain recorded at different discharges. The comparisons are based on 
data generated by winter and s m e r  roughness conditions at discharges of 600, 900, 1200, 
1500, and 1800 cfs. Comparisons within the stream channel are made by comparing the water 
surface elevation (WSE) in feet above mean sea level achieved for the given discharge. Flood- 
plain values are compared on the basis of water depth in feet reached at each discharge. 
Table 4.2 -CDM Tailwater with Storm Sewer 
Pm1 Point C Pi4 Point D 
Wmter Summer Wmter Summer Wmter Summer Waer  SummerDischarge 	 Change Change Change changeWSE W E  Depth Depth WSE WSE rn Depth 
600 709.8 710.3 0.5 - c1 - 709.2 709.62 0.5 	 rn 
-
U 
-
-
rn900 711.7 712.4 0.6 0.95 1.75 0.80 710.8 711.66 0.8 
1200 714.9 715.0 0.1 4.19 4.33 0.14 714.9 715.02 0.1 1.88 2.04 0.16 
1500 715.6 715.7 0.2 5.08 5.23 0.15 715.4 716.035 0.6 2.84 2.98 0.14 
1800 716.2 716.3 0.1 5.82 6.05 0.23 716.6 716.84 0.2 3.76 3.76 0.00 
T w ~  Point H Point J Point K 
Winter Summer W~nter Summer Wmter Summer W&er Summer Discharge Change Change 	 changeWSE WSE Depth Depth Depth Depth Depth Depth
- - - - - CI - U CI600 709.1 709.0 -0.1 	
-U
900 710.9 710.8 -0.2 - - h, - -	 c1 -
1200 714.5 714.6 0.1 1.70 1.79 0.09 1.03 1.03 0.00 0.08 0.14 0.06 
1500 715.8 715.6 -0.2 2.59 2.60 0.01 2.03 2.10 0.07 1.15 1.04 -0.17 
1800 716.2 716.2 0.0 3.29 3.48 0.19 2.66 2.96 0.30 1.63 1.75 0.12 
Table
-
4.3 -Normal Tailwater with Storm Sewer 
Pin 1 Point C Pin 4 Point D 
Wmter S m Wlnter Summer Wmter S m Wmter S mDischarge WE WE Depth Depth a=nLF WSE Change Depth Depth m a e  
600 709.9 710.4 0.5 - - - 709.3 709.6 0.3 - - -
%900 711.5 712.1 0.6 0.36 1.45 1.09 710.1 711.4 1.3 - -
1200 713.1 713.7 0.7 2.45 3.12 0.67 712.4 713.6 1.2 0.07 0.9 0.83 
1500 714.4 714.7 0.4 3.77 4.31 0.54 714.7 715 0.3 1.78 2.09 0.31 
1800 715.6 715.9 0.3 4.94 5.33 0.39 715.7 716 0.3 2.8 2.94 0 .14-
Tap 6 Point H Point J Point K 
wmter s m  wlnter s m  wmter S m wmter S mDischarge Change a=nge Change ChangeWE WE Depth Depth D2pth Depth m Depth 
600 709.1 708.8 -0.3 - - - - - - m - 5. 
- - % - - - m m -900 710.2 710.3 0.1 
1200 711.4 711.5 0.1 0.00 0.36 0.36 - - - - - .., 
1500 713.8 714.1 0.3 1.39 1.78 0.39 0.83 1.08 0.25 0 0.17 0.17 
1800 715.2 715.4 0.2 2.39 2.76 0.37 2.36 2.06 -0.30 1.02 1.2 0.18 
The data presented in Tables 4.2 and 4.3 suggest that the increased channel roughness of 
the summer conditions does have some influence on the degree of flooding upstream of Lincoln 
Avenue bridge. The greatest increases in flood stage were recorded in the upstream channel, 
for the condition where the normal-depth tailwater rating curve was used. Significant increases 
in flooding were also noted in the Hendrick House parking lot for the normal tailwater condi- 
tion. The roughness conditions were found to increase the stages for the CDM tailwater condi- 
tion also, but not to the degree as the normal conditions. The variability induced by the 
tailwater elevations shows that upstream roughness may play a role in performance to a point, 
but once the creek begins to flow out of bank, the effects of the roughness die out. In general, 
the roughness conditions raised stages from Station 72+21 (approximately 1/3 of the distance 
from Lincoln Avenue bridge to Gregory Street bridge) upstream, but did not change stages 
downstream. 
Data from the model suggested that channel roughness does have an effect on the water 
surface elevations upstream of the bridge. This effect, however, is not dramatic. Flood stages 
were increased for discharges where the flow stayed within the banks of the creek. Once the 
flooding went out of bank, however, the roughness issue became rather inconsequential. The 
upstream channel roughness was not shown to greatly affect stages in cases where water flowed 
overland. 
4.3.2 STORMSEWER 
The presence of the 54-inch storm sewer under the Lincoln Avenue bridge made it neces- 
sary to explore its effect on the system as well. The storm sewer system drains a large enough 
area that, during a storm, the water added to the creek would be enough to make the discharge 
downstream of the culvert 10% greater than the flow entering the bridge. To determine the im- 
pact of a sharp increase in discharge occurring in the middle of the bridge, model tests were run 
with the sewer system operating, and then compared to tests run under similar conditions, only 
without any side input from the storm sewer. 
The model results indicate that the storm sewer does not directly affect the flooding in the 
vicinity of Lincoln Avenue to a great degree. The storrn sewer does directly impact the over- 
land flow during larger floods, when a combination of high tailwater elevations and large storm 
sewer discharges causes the system to surcharge. When surcharging occurs, water backs up 
within the storm sewer and flows out onto Lincoln Avenue through the manhole. This added 
overland flow then moves east across the ground surface to rejoin the channel after the culvert. 
The storrn sewer has the greatest impact on the culvert system when it raises the tailwater 
elevation downstream of the bridge. The downstream stage increase occurs because the storm 
sewer is adding water to the creek under the bridge. That extra discharge must be accounted 
for in the tailwater level. Tables 4.4 and 4.5 on the next page demonstrate the influence the 
storm sewer has on the tailwater elevations for all discharges when the normal and CDM tail-
water rating curves are used, respectively. 
Tables 4.4 and 4.5 show that the presence of the storrn sewer increases the tailwater eleva- 
tion for all discharges. The most profound increases are realized when the CDM rating curve is 
being implemented. The stage of the tailwater was increased by more than a foot for dis- 
charges of 900 cfs and 1000 cfs. The normal rating curve is influenced by the storm sewer as 
well, being increased by at least .34 feet for all discharges, with the average increase at .48 feet. 
Table 4.4 -Storm Sewer Influence on Normal Tailwater Setting 
Discharge Storm Sewer Input 
Tailwater Elevation 
Without Sewer 
Tailwater Elevation 
With Sewer 
Increase in 
Elevation 
(cfs) (cfs) (feet above MSL) (feet above MSL) (feet) 
600 59.0 705.70 706.05 0.34 
700 68.8 706.28 706.67 0.39 
800 78.6 706.85 707.28 0.43 
900 88.5 707.40 707.87 0.47 
1000 98.3 707.93 708.45 0.52 
I100 108. I 708.46 709.02 0.56 
1200 118.0 708.97 709.57 0.60 
1300 127.8 709.48 710.11 0.63 
1400 137.6 709.98 71 0.56 0.58 
1500 147.5 71 0.43 71 0.93 0.50 
1600 157.3 710.78 71 1.23 0.44 
1700 167.1 71 1.08 71 1.48 0.40 
1800 177.0 71 I .33 71 I .70 0.37 
Table 4.5 -Storm Sewer Influence on CDM tailwater Setting 
Storm Sewer Tailwater Elevation Tailwater Elevation Increase in Discharge Input Without Sewer With Sewer Elevation 
(cfs) (cfs) (feet above MSL) (feet above MSL) (feet) 
600 58.98 706.91 707.31 0.40 
700 68.82 707.59 708.02 0.43 
800 78.65 708.22 709.16 0.94 
900 88.48 709.42 710.69 I .27 
1000 98.31 71 0.86 71 1.99 1.13 
1100 108.14 712.01 712.51 0.50 
1200 117.97 712.48 712.88 0.40 
1300 127.80 712.83 713.16 0.33 
1400 137.63 713.1 1 71 3.34 0.23 
1500 147.46 713.30 71 3.46 0.16 
1600 157.29 71 3.41 713.59 0.1 8 
1700 167.12 71 3.52 71 3.72 0.20 
1800 176.95 71 3.65 71 3.84 0.1 9 
4.3.3 THEDROPSTRUCTURE 
The drop structure is probably the most important component of the Lincoln Avenue cul- 
vert system. The characteristic that makes the drop so important is its position in relation to the 
upstream face of the Lincoln Avenue culvert. As depicted in Figure 4.10, the lip of the drop 
structure is positioned just a little bit upstream of the flat upstream face of the culvert's ceiling. 
This configuration gives rise to the possibility that at times the water flowing into the culvert 
may achieve supercritical depth over the drop structure before plunging into the culvert and 
continuing downstream. In other cases, however, the small cross-sectional area of the bridge 
opening may in fact act like an orifice, thus restricting the flow and ponding water upstream of 
the bridge. In this section, the drop structure is examined in order to determine which type of 
behavior the culvert entrance exhibits and under what circumstances the behavior arises. 
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Figure 4.10 -The Drop Structure Looking North 
The first step in the analysis of the drop structure was to 

determine its hydraulic capacity. If the bridge opening truly 

acted like a flow. restrictor, there should have been some dis- 

charge where the culvert entrance would become inundated, 

and would not allow any more water to pass. If this occurred, 

increased discharge upstream of the bridge would only cause 

more water to back up behind the bridge and flow across Lin- 

coln Avenue as overland flow. 

Experiments to determine the drop's hydraulic capacity 
were set up as shown in Figure 4.1 1. An Acoustic Doppler 
Velocimeter (ADV) was positioned at the downstream end of 
the Lincoln Avenue culvert. The ADV uses reflected sound Figure 4.11 -ADV Probe 
at Culvert Exit 
pulses to measure the velocity of water moving below the 
-- 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
probe. The culvert opening was divided into twenty sub-areas and a velocity measurement was 
taken in each of those regions, as shown in Figure 4.12, below. The total discharge coming 
through the culvert was then calculated by multiplying the velocity in each sub-section by its 
cross-sectional area and then summing all twenty sub-discharges. 
For each test, model boundary conditions were set to best isolate the hydraulic behavior of 
the drop structure. The steel leaf gate was set to reflect the 'no tailwater' condition, as described 
in Section 4.2.1. The open manhole on Lincoln Avenue was sealed so that no overland flow 
would enter the stream channel through the manhole and exit the culvert past the ADV setup. 
Also, a small weir was constructed on the surface of the model around the culvert exit to insure 
that no overland flow would re-enter the stream channel just in front of the ADV and influence 
the discharge measurements. 
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Figure 4.12 -Experimental ADV Setup 
A set of velocity measurements was taken for each of the flowrates between 1100 cfs and 
1600 cfs. Table 4.6 below summarizes the findings of the ADV experiments. The model dis- 
charge column represents the amount of water being delivered to the model via the Hydrosys- 
tems Lab piping system. In the next column the discharge has been scaled up to show the 
corresponding prototype discharge. The measured model discharges are the numbers obtained 
from the ADV analysis and the measured prototype discharges are their scaled equivalent. 
The data in Table 4.6 show that as the discharge upstream of the drop structure was in- 
creased, the amount of water that actually exited at the downstream end of the culvert wasn't 
equal to the upstream discharge. Some of the upstream discharge bypassed the culvert and 
flowed across the model as overland flow. These results are verified by data from data set 1, 
which utilized the same conditions as for the ADV measurements. The data from set 1 indi- 
cated that appreciable flow across Lincoln Avenue first occurred at a discharge of 1300 cfs as 
well. 
Table 4.6 -Data from ADV Measurements 
Manometer 
Displacement 
(in.) 
Model 
Discharge 
(cfs) 
Prototype 
Discharge 
(cfs) 
Measured 
Model 
Discharge 
(cfs 
Measured 
Prototype 
Discharge 
(cfs) 
Difference Between 
Prototype 
Discharges 
(cfs) 
Percent of 
Flow 
Bypassing 
Culvert 
18.3 2.21 1 104.5 2.21 1 103.5 1 .O 0.09% 
21.5 2.39 I 193.3 2.39 I 193.2 0.I 0.01% 
26.2 2.63 131 2.0 2.62 1306.2 5.8 0.44% 
30 2.8 1 1400.1 2.80 1395.5 4.6 0.33% 
34.8 3.01 1503.5 2.96 1478.7 24.8 1.65% 
39.6 3.21 1599.6 3.05 1523.5 76.2 4.76% 
The data in Table 4.6, however, do not suggest that the drop structure ever reached a cer- 
tain hydraulic capacity. As the upstream discharge increased above 1400 cfs, the percentage 
that became overland flow did increase, but the drop structure never exhibited the orifice-like 
behavior that was expected. If it had acted like an orifice, there would have been some dis- 
charge where no more flow was allowed to go through the culvert. This point would have been 
accompanied by a very sharp increase in overland flow. This maximum discharge was never 
reached, and Figure 4.13 on the next page can be used to explain why. 
Figure 4.13 is a close-up view of water surface profiles for a portion of the Lincoln Ave- 
nue Bridge. The plot details the behavior of flows under the same conditions as those that were 
used in the ADV measurements. 
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Figure 4.13 -Water Surface Profiles for No Tailwater Condition 
The water surface profiles in Figure 4.13 show that the flow never touches the upstream 
face of the culvert ceiling. For every discharge up to 1800 cfs, the water surface decreases con- 
siderably as it flows over the drop, allowing the water to enter the culvert without surcharging 
the opening. Thus, no orifice-like behavior is generated. The water surface is so low over the 
drop because the flow reaches supercritical depth as it plunges off the drop structure. This 
point is illustrated in Table 4.7. 
Table 4.7 -Froude Numbers at the Drop Structure 
Prototype 
Discharge 
Discharge 
Through 
Drop 
Structure 
Water 
Depth At 
Station 
71+05.7 
Flow 
Velocity at 
Station 
71+05.7 
Froude 
Number at 
Station 
71+05.7 
1100 
(cfs) 
I100 
(R) 
4.80 
(6s)  
I 5.06 1.21 
1200 I 195.2 5.08 15.47 1.21 
1300 1294.8 5.39 15.79 I .20 
1400 1400 5.69 16.17 1.19 
1500 1476 5.81 16.70 I .22 
1600 1523.2 5.81 17.23 I .26 
The Froude number for each flow was calculated at model pressure tap nine, which is just 
upstream of the lip of the drop. A Froude number greater than one means that the flow at that 
point is supercritical. 
The Froude numbers for all flow rates are greater than one. Since the supercritical water 
depth exists just upstream of the drop, the structure will control upstream water surfaces, but 
will not act like a flow restrictor. The implications of this fact are that as long as the flow 
achieves supercritical depth over the drop structure, the capacity of the bridge opening will not 
be reached. 
4.3.3.2 TAILWATERINFLUENCE 
In the previous section the conclusion was made that the geometry of the drop structure 
alone does not make it act like a flow restrictor. In fact, when the flow achieves supercritical 
depth, the capacity of the drop structurelculvert system may be unlimited. This unlimited ca- 
pacity, however, can only be realized when there is absolutely no tailwater influence on the 
drop. It is highly unlikely that for natural conditions, the stage under the bridge would never be 
high enough to affect the supercritical condition of flow over the drop. 
Data from the model was used to determine the effects that different tailwater elevations 
would have on the hydraulic performance of the drop structure. Figure 4.14 on the next page is 
a plot similar to Figure 4.13 showing water surface profiles under Lincoln Avenue. In Figure 
4.14, however, the discharge for every profile is 800 cfs. The five separate profiles come from 
the five data sets that used different tailwater settings for 800 cfs with winter conditions. The 
data for these profiles was compiled from Data Sets 1,2, 3, 6, and 7, which included conditions 
of no tailwater, normal tailwater with and without storm sewer flowing, and CDM tailwater 
with and without storm sewer flowing. 
Figure 4.14 shows that the water surface profiles upstream of the drop structure are identi- 
cal for every tailwater elevation. For this discharge, the flow is still achieving supercritical 
depth at the drop, no matter what the tailwater elevation. Thus, the upstream profile is con- 
trolled by the drop structure and is not affected by tailwater elevation. 
Figures 4.15 and 4.16 on pages 44 and 45 are similarly constructed, but Figure 4.15's dis- 
charge is  900 cfs and Figure 4.16 shows behavior at 1000 cfs. 
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Figure 4.14 -800 cfs Profiles With Different Tailwater Elevations 
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Figure 4.15 - 900 cfs Profiles with Different Tailwater Elevations 
The data presented in Figure 4.15 shows that the tailwater downstream of the drop begins 
to influence the water surface profile upstream of the drop at 900 cfs. Four of the curves in 
Figure 4.15 still have almost identical shapes upstream of the drop. The fifth curve, (CDM rat-
ing with storm sewer) however, is significantly higher than the rest.. At this discharge, the 
tailwater has reached a high enough stage to drown out the supercritical flow over the drop. 
Figure 4.16, below, further shows the effects of the tailwater on flow over the drop. At 
1000 cfs, two of the upstream profiles have diverged from the behavior dictated by supercritical 
conditions at the drop structure. For this discharge, the profile corresponding to the CDM rat-
ing curve with s tom sewer has been raised enough to surcharge the culvert entrance. 
The effects of the tailwater condition on upstream water surface profiles become even 
more apparent in Figure 4.17, 4.18, and 4.19 on pages 46 and 47. These plots are the same as 
Figures 4.14, 4.15, and 4.16, but show the entire model length from Station 73+15 at the up- 
stream end to Station 69+35. 
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Figure 4.16 - 1000 cfs Profiles with Different Tailwater Elevations 
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Figure 4.17 -Entire Model Profiles at 800 cfs with Differing Tailwater Conditions 
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Figure 4.18 -Entire Model Profiles at 900 cfs with Differing Tailwater Conditions 
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Figure 4.19 -Entire Model Profiles at 1000 cfs with Differing Tailwater Conditions 
In Figure 4.1 7, the upstream water surface profiles for 800 cfs are all the same. All up- 
stream profiles are controlled by the supercritical conditions at the drop structure and are not 
influenced by downstream elevation. In behavior similar to the other figures, at 900 cfs one 
profile is starting to diverge from the others, and has been increased by a little bit. At 1000 cfs, 
however. the upstream water surface of the profile corresponding to the CDM tailwater curve 
with storm sewer flowing was raised dramatically. This large increase comes at the same dis- 
charge at ivhich the culvert entrance is inundated for the first time. 
In the two pre\*ious sections, it was proven that the geometry of the drop structure, when 
considered by itself. does not promote orifice-like behavior, and that the tailwater elevation has 
a profound effect on the water surfaces flowing over the drop structure and the upstream water 
surface profiles. Figure 4.20 on the next page is a plot of water surface profiles under the Lin- 
coln Avenue bridge for the tailwater condition dictated by the CDM rating curve with storm 
sewer flowing. 
As noted in Figure 4.20, the water flowing over the drop structure first contacts the up- 
stream face of the culvert ceiling at a discharge of 1000 cfs. Before then, the water surfaces are 
low enough to allow the flow to proceed directly under the culvert. As discussed in the last 
section, the surcharging of the culvert entrance is accompanied by a dramatic increase in up- 
stream water surface elevations. Table 4.8, on the next page, is a presentation of water surface 
elevations or depths at selected points on the model for discharges of 900 and 1000 cfs. The 
data taken from in-channel observations is recorded as water surface elevations in feet above 
mean sea level, and the data from floodplain points is reported as depth in feet of water. 
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Figure 4.20 -Profiles from CDM Tailwater and Storm Sewer Flowing 
The most important concept in Table 4.8 is the magnitude of change in water depth be- 
tween discharges of 900 cfs and 1000 cfs. Within the relatively small increase in discharge, 
water levels at points upstream of the drop structure were increased by more than 1.5 feet. In 
some cases, the stage in the creek was increased by as much as 2.6 feet. An important value in 
the table is also the depth of water at point H, which is the centerline of Lincoln Avenue. A 
depth of -25 feet here suggests that significant overland flow is occurring. These findings are 
backed up by Figure 4.21 and Table 4.9 (on the next page), which include values from D.ata set 
7. This data set used the CDM rating curve without storm sewer input. 
Table 4.8 -CDM Tailwater with Storm Sewer 
Measurement 
Location 
900 cfs WSE 
(feet above MSL) 
1000 cfs WSE 
(feet above MSL) Change 
Pin 1 71 1.97 71 3.40 1.43 
Pin 4 71 0.84 71 3.42 2.58 
Tap 6 71 0.94 712.69 1.75 
Measurement 
Location 
900 cfs Depth 
(feet) 
1000 cfs Depth 
(feet) Change 
Point C 0.95 2.76 1.81 
Point D 0 0.30 0.30 
Point H 0 0.29 0.29 
Point J C1 N N 
Point K H N N 
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Figure 4.21 -Profiles from CDM Tailwater without Storm Sewer 
As depicted in Figure 4.21, the culvert entrance became surcharged at a flow rate of 11 00 
cfs when the CDM tailwater condition was used without the storm sewer flowing. Once again, 
the increase in floodplain water depths and overland flow just as the drop structure is sur- 
charged is dramatic, as shown in Table 4.9. 
Table 4.9 -CDM Tailwater without Storm Sewer 
Measurement 
Lo cation 
1000 cfs WSE 
(feet above MSL) 
1 100 cfs WSE 
(feet above MSL) Change 
Pin 1 712.20 713.58 I .38 
Pin 4 71 1.21 713.65 2.43 
Tap 6 71 1.03 712.87 1.84 
Measurement 
Location 
1000 cfs Depth 
(feet) 
1100 cfs Depth 
(feet) Change 
Point C I .37 3.05 I .68 
Point D 0 0.72 0.72 
Point H 0 0.28 0.28 
Point J m N N 
-Point K m N 
The data in Tables 4.8 and 4.9 are very important. The increases in stage depicted in the 
two tables are almost identical, in spite of coming from two different data sets. The key to this 
is that for Table 4.8, the drop structure was submerged at 1000 cfs. For Table 4.9, it was sur- 
charged at 1100 cfs. At the instant the culvert entrance was inundated, upstream water surfaces 
for both data sets reacted with a nearly identical increase in stage. Thus, the submerging of the 
drop structure is ultimately the controlling factor for upstream water surface profiles during 
higher discharges. 
The data presented in this section show that there is a definite correlation between the sur- 
charging of the drop structure and an increase of water surfaces upstream of the bridge. A 
strong enough correlation, in fact, to conclude that when surcharged, the drop structure does act 
like a type of flow restrictor. When the tailwater elevation downstream of the bridge gets high 
enough, the supercritical flow conditions at the drop are drowned out. When the upstream wa- 
ter surface is raised high enough to surcharge the culvert entrance, water backs up behind the 
Lincoln Avenue bridge and begins to circumvent the culvert as overland flow. Another point 
that must be addressed is the fact that at the same time the drop structure begins to restrict flow 
passing under Lincoln Avenue, significant flow begins to cross on top of the bridge. Water 
backed up by the surcharged culvert entrance does not stay behind the bridge, but instead flows 
overland to rejoin the channel downstream of Lincoln Avenue. 
The data from the physical model shows that the bridge does impede the flow of water into 
the culvert. But the moment the bridge begins to act like a flow restrictor, a sharp increase in 
overland flow occurs as well. Essentially, the water that is restricted by the drop structure 
flows directly across Lincoln Avenue to rejoin the creek immediately downstream of the cul- 
vert. 
5.1 MOTWATION 
The main goal of this chapter is to explore the behavior of the Boneyard Creek when the 
University of Illinois channel improvements have been implemented. In order to do this, the 
upstream end of the model was broken apart and replaced with new templates that reflected the 
proposed channel geometry. When the model was fully rebuilt, it was tested in order to com- 
pile the data necessary for analysis. The analysis in this chapter includes comparisons between 
proposed-condition physical model data and data generated by the SWMM model, as well as an 
investigation of the performance of the proposed channel geometry relative to the existing con- 
ditions. 
5.2 PROPOSEDCONDITIONDATA SETS 
Two sets of data were taken for the proposed channel geometry. These sets were designed 
to yield data for the range of flow rates from 400 cfs (a little smaller than the 1-year flood) to 
1500 cfs (larger than the 100-year flood) in 100-cfs intervals. The proposed-condition dis- 
charges corresponding to floods of all return periods were lower than the values for existing 
conditions. This is due to the fact that the proposed conditions for this area of the Boneyard 
Creek reflect the presence of all upstream improvements planned by the University of Illinois 
and the City of Champaign. These storage facilities would serve to increase the amount of wa- 
ter retained upstream for any given flood, thus reducing the discharge at Lincoln Avenue. 
The two proposed-condition data sets used the CDM tailwater rating curve to dictate the 
model's dournstream boundary condition. This is because even though the upstream improve- 
ments decrease the discharge for a flood of certain return period, they will not alter the stream 
channel geometq in Urbana. So for a particular discharge, the stage in Urbana will not be 
changed. .41so. onl! one rating curve was used in the analysis of proposed conditions. This is 
because the normal rating curve was implemented in existing-condition tests to help determine 
the behavior of the drop structure. Since the drop structure will be removed, the second stage- 
discharge relationship is unnecessary. 
The two data sets for proposed conditions utilized the CDM rating curve for cases with and 
without storm sewer input. For discharges up to 800 cfs, all flow stayed totally within the 
banks of the creek. The first sign of flooding came around 900 cfs, when the storm sewer in 
Lincoln Avenue began to show signs of surcharged flow. In this case, water backed up within 
the storm sewer system and began to spill out onto the street. As the discharge was increased, 
more water collected on Lincoln Avenue, but water did not appear outside of the stream's banks 
anywhere else until approximately 1 100 cfs. Then, water from Lincoln Avenue began to flow 
east from the street into Urbana, rejoining the channel downstream of the culvert. At 1100 cfs 
water also began to flow west from the street over the sidewalk and into the channel upstream 
of the culvert. The first instance of ponded water upstream of the bridge was encountered at 
1100 cfs, where water overtopped the bank on the north side of the creek and collected in the 
Lincoln Avenue Apartments parking area. When the discharge was increased to 1200 cfs, sub- 
stantial amounts of water were present in the floodplain upstream of the bridge. Flow over- 
topped the bridge entrance structure, and moved from the channel on the west side of the bridge 
east across Lincoln Avenue and continued until it rejoined the channel downstream of the 
bridge. At 1300 cfs, water first appeared in the Hendrick House parking lot. Increasing the 
discharge further essentially flooded out the entire model. 
Figures 5.1 and 5.2 on the next page are plots of water surface profiles resulting from data 
sets 10 and 11. 
5.3 COMPARISON MODEL PREDICTIONS WITH COMPUTER 
In Chapter 3. the data from the physical model was compared with values predicted by the 
SWMM model for the purpose of model calibration. Table 5.1 on page 55 is a reproduction of 
the data presented in Chapter 3. 
Table 5.1 shows that the stage data from the computer and physical models are very simi- 
lar. For the lower flows, the computer overestimated the stage resulting from the given flood 
events. Conversely. the computer underestimated stages for the two highest floods. The larg- 
est difference between predicted and measured stages is +.7 feet for the 10-year flood. 
Table 5.2 (also on page 55) contains data taken from the models for the proposed channel 
geometry. For proposed conditions, the data from the two models are not very different, but 
the data from the computer model was on the low side. Data for the comparison was once 
again collected at model measurement pin 1, which was the furthest upstream measurement sta- 
tion in the model, at Station 73-tO6.6. 
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Figure 5.1 -Water Surface Profiles for Proposed Conditions with Storm Sewer 
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Figure 5.2 -Water Surface Profiles for Proposed Conditions without Storm Sewer 
Table 5.1 -Comparison of SWMM Model Predictions with Measured 

Values -Existing Conditions 

Storm 
Return 
Period 
(Years) 
Upstream 
Discharge 
(cfs) 
Existing 
Condition Water 
Surface Predicted 
by S WMM Model 
(feet above MSL) 
Existing 
Condition 
Measured Water 
Surface 
(feet above MSL) 
Difference 
(feet) 
I 622 71 0.0 709.9 0. I 
2 71 9 71 0.6 71 0.6 0.0 
5 836 71 1.9 71 1.4 0.5 
I0 947 71 3.3 712.6 0.7 
25 1110 714.4 714.2 0.2 
50 131 0 71 5.0 71 5.2 -0.2 
I00 1590 71 5.5 71 5.8 -0.3 
Table 5.2 -Comparison of SWMM Model Predictions with Measured 

Values -Proposed Conditions 

Storm 
Return 
Period 
(years) 
Upstream 
Discharge 
(cfs) 
Proposed Condition 
Measured Water 
Surface 
(feet above MSL) 
Proposed Condition 
Water Surface 
Predicted by 
SWMM 
(feet above MSL) 
Difference 
(feet) 
1 47 1 706.7 707.1 -0.4 
2 551 707.6 707.9 -0.3 
5 696 708.9 709.7 -0.8 
I0 793 71 0.7 71 0.5 0.2 
25 954 712.5 712.8 -0.3 
50 1090 71 3. I 71 3.6 -0.4 
100 1200 71 3.5 714.1 -0.6 
All but one of the measured stages were greater than the stages predicted by the SWMM 
model. The greatest discrepancy between the two models was that the measured water surface 
was .78 feet higher than the SWMM model prediction for the 5-year flood. Based on these 
data, it can be concluded that the SWMM model does a good job of predicting stages in the vi- 
cinity of Lincoln Avenue. 
Another way to measure the performance of the model is to test its predictions of stage re- 
duction between existing and proposed conditions. Tables 5.3 and 5.4 are calculations of the 
magnitude that the flood stage was reduced. Table 5.3 lists the predicted reduction .in flood 
stage for the 1-year through 100-year floods, and Table 5.4 lists the measured values. 
Table 5.3 -Stage Reduction as Predicted by the 

SWMM Model 

Storm 
Return 
Period 
(years) 
Existing Condition 
Water Surface 
Elevation 
(feet above MSL) 
Proposed Condition 
Water Surface 
Elevation 
(feet above MSL) 
Stage 
Reduction 
(feet) 
I 71 0 706.7 -3.3 
2 71 0.6 707.6 -3 
5 71 1.9 708.9 -3 
10 71 3.3 71 0.7 -2.6 
25 714.4 712.5 -1-9 
50 715 71 3.1 -1.9 
I00 71 5.5 71 3.5 -2 
Table 5.4 -Stage Reduction as Generated by the 

Physical Model 

Storm 
Return 
Period 
(years) 
Existing Condition 
Water Surface 
Elevation 
(feet above MSL) 
Proposed Condition 
Water Surface 
Elevation 
(feet above MSL) 
Stage 
Reduction 
(feet) 
I 709.95 707.09 -2.86 
2 71 0.59 707.88 -2.71 
5 71 1.37 709.68 -1.69 
I0 712.64 710.52 -2.12 
25 714.17 712.8 -1.37 
50 715.16 713.55 -1.61 
I00 71 5.79 714.12 -1.66 
Based on these tables, it can be seen that the proposed conditions do not decrease flood 
stages as much as the computer model predicted. The proposed improvements do, however, 
reduce the stages in the model channel by a great deal. The data in the next section show that 
the post-improvement stages outside of the channel are reduced also. 
5.4 RELATIVE PERFORMANCE GEOMETRYOF PROPOSED 
The third objective of the model study is to provide a basis for comparison between the ex- 
isting and proposed conditions. Probably the best method for evaluating the benefits of the 
proposed improvements is to do a side-by-side comparison of the data between existing and 
proposed conditions. Since the CDM tailwater with storm sewer flowing is the most indicative 
of the behavior of a real storm, data of that type is presented in Table 5.5, below. Water sur- 
face elevations and depths taken at several points within the model channel and floodplain for 
discharges of 600,900, 1200, 1500, and 1800 cfs. 
Table 5.5 -Proposed Condition Stage Reduction at Selected Points in the Model Basin 
Pin 1 Point C Pin 4 Point D 
Discharge Existing Proposed Change Extsting Proposed Change Existing Proposed Change Existing Proposed ChangeWSE WSE Depth Depth WSE WSE Depth Depth 
rn C1 N600 709.80 707.96 -1.84 - 709.17 708.07 -1.10 
900 711.97 711.37 -0.60 0.95 0.00 -0.95 710.84 711.36 0.52 - N 
1200 714.86 713.91 -0.95 4.19 0.00 -4.19 714.90 713.85 -1.05 1.88 0.84 -1.04 
1500 715.56 714.99 -0.57 5.07 1.27 -3.80 715.79 714.99 -0.80 2.84 2.04 -0.80 
1800 716.22 715.41 -0.81 5.82 2.06 -3.76 716.62 715.64 -0.98 3.75 2.71 -1.04 
Tap6 Point H PinJ Point K 
Discharge Existing Proposed Change Existing Proposed Change Existing Proposed Change Existing Proposed ChangeWSE WSE Depth Depth WSE WSE Depth Depth 
C1 N 5. N N N N600 709.08 707.98 -1.10 -
- N N N NN N N N900 710.94 711.30 0.36 
1200 714.47 713.70 -0.77 1.70 0.76 -0.94 1.03 0.13 -0.90 0.08 0.00 -0.08 
1500 715.38 714.62 -0.76 2.59 1.74 -0.85 2.02 1.07 -0.95 1.15 0.30 -0.85 
1800 716.19 715.26 -0.93 3.29 2.48 -0.81 2.66 1.71 -0.95 1.63 0.92 -0.71 
Table 5.5 includes data for existing and proposed conditions taken from eight points within 
the model - three within the channel upstream of Lincoln Avenue bridge and five in the flood- 
plain. The data for Pin 1, Pin 4 and Tap 6 are the measurements made within the stream chan- 
nel. Point C and Point D are located in the parking lots of Hendrick House and Lincoln 
Avenue Apartments, respectively. Point H lies on the centerline of Lincoln Avenue, and Points 
J and K are in the floodplain downstream of Lincoln Avenue. 
The stages within the channel are reduced by the proposed improvements for almost every 
discharge. The only exceptions are Pin 4 and Tap 6 for 900 cfs. At these points, the measured 
water surface elevation was greater for proposed conditions than for the existing channel ge- 
ometry. This is because the water flowing into the culvert assumed supercritical conditions at 
900 cfs for the existing channel geometry. This supercritical behavior caused the existing- 
condition water surface profile upstream of the drop to register a stage below that of the pro- 
posed conditions. 
In spite of that single increase in stage, the water surface elevations were still reduced by 
average values of .95 feet at Pinl, .68 feet at Pin 4, and .64 feet at Tap 6. These average values 
were found by calculating the mean change in stage between existing and proposed conditions 
over the five discharges included in Table 5.5. The proposed conditions also decreased stages 
for all floodplain points at all discharges. The most dramatic decrease in stage occurred at 
Point C. The average decrease in stage of 3.18 feet at that point was primarily due to the rais- 
ing of the level of Hendrick House's parking lot by approximately three feet. At Point D, flood 
stages were decreased by as much as 1.08 feet at 1800 cfs, with an average reduction of .96 
feet. Average depths at the centerline of Lincoln Avenue (Point H) were reduced by .87 feet. 
Points J and K in the floodplain downstream of Lincoln Avenue also experienced reduced 
stages by average values of .93 and .55 feet, respectively. 
Table 5.5 presents a comparison between the existing and proposed conditions by looking 
at water stages and depths generated by the two cases at equal discharges. When comparisons 
are made between the floods for given return periods, as in Tables 5.3 and 5.4, the point must 
be made that the discharges for existing and proposed condition floods of the same recurrence 
interval are not the same. For instance, the upstream discharge for the 10-year flood in existing 
conditions was 947 cfs. The 10-year discharge upstream of Lincoln Avenue bridge for pro- 
posed conditions was 793 cfs. This predicted reduction of over 150 cfs was due to the imple- 
mentation of upstream storage facilities, which serve to decrease the downstream discharge. 
Table 5.5 is a good indicator of how well the proposed improvements will perform. Stage 
data are presented for the same range of discharges for both existing and proposed conditions. 
An upstream discharge of 1800 cfs is greater than the level of a 100-year flood for both existing 
and proposed conditions. In fact, for the proposed conditions, that discharge would be greater 
than the 500-year flood. This discharge, however, may be used as a measure of flood condi- 
tions that will occur if the improvements that are intended to store water upstream do not work 
as well as intended. 
Another way to judge the relative performance of the proposed improvements is to com- 
pare the conveyance of the channel for existing and proposed channel geometries. For the ex- 
isting channel geometry, the creek upstream of Lincoln Avenue flowed bank-full at a discharge 
of around 850 cfs. This flow rate is when water first started to appear outside of the stream 
channel - in the Hendrick House parking lot. For the proposed conditions, the bank-full capac- 
ity of the creek upstream of the culvert was increased by more than 200 cfs, to approximately 
1070 cfs. In this case, the water first appeared in the floodplain on the north side of the creek. 
CHAPTER6 -SUMMARYAND CONCLUSIONS 
A 1 to 12 scale model of the Boneyard Creek was built on the floor of the Ven Te Chow 
Hydrosystems Laboratory. The model was centered on the Lincoln Avenue culvert system, and 
encompassed approximately 400 feet of the stream channel and floodplain. The model study 
was intended to fulfill three main goals. First, data from the model would be used to verify the 
performance of the theoretical computer model that was used in the initial design phases of the 
project. Second, the physical model could be used to investigate the effects of certain variables 
on the hydraulic performance of the system in greater detail than any theoretical model could 
afford to predict. The resulting data may be used by engineers from the University of Illinois 
and the engineering firm of Bems, Clancy, and Associates to fine-tune the design of flood con- 
trol improvements on the University of Illinois campus. The third objective of the model study 
was to serve as a basis of comparison between the hydraulic performance of the existing chan- 
nel geometry and that of the post-improvement channel. 
When the data from the physical model was compared to the predictions of the SWMM 
model, the values were found to be very similar for both existing and proposed conditions. The 
largest discrepancies between the two were +.7 feet for existing conditions and -.8 feet for pro- 
posed conditions. This is a very small difference, considering the complexity of the culvert 
system. One point to remember, however, is that neither of the models may be totally correct. 
There is no measured data available in the vicinity of the Lincoln Avenue culvert, making cali- 
bration o f  the models difficult. Also, the lack of measured data gave rise to some doubt about 
the true stage-discharge relationship downstream of the culvert. 
The fact that the two models estimated similar upstream stages is very important, however, 
because it shows that they predicted nearly identical hydraulic behavior for the system. When 
the same boundary conditions were implemented, two totally different models generated nearly 
equivalent stages upstream of the bridge. True, both models could be wrong, but it is more 
likely that the numerical and physical models correctly do the job for which they were designed 
rather than both incorrectly doing the job in the exact same way. 
Even though the tailwater elevation has been found to play a role in the flooding at Lincoln 
Avenue, it is the hydraulic characteristics of the culvert that ultimately control the performance 
of the overall system. If a model can accurately represent these characteristics, it should be 
able to accurately predict the hydraulic behavior of the overall system for almost any tailwater 
condition. Therefore, even if the CDM tailwater rating curve has not been proven as the true 
stage-discharge relationship downstream of Lincoln Avenue, the SWMM model can at the very 
least be taken as a good approximation of the hydraulic behavior of the Lincoln Avenue culvert 
system. 
In the analysis of the culvert system, it was determined that the drop structure is the major 
controlling factor for water surface elevations upstream of Lincoln Avenue. At lower dis- 
charges, the flow over the drop structure goes through critical flow depth before plunging into 
the culvert. When critical flow conditions are present, the water surface elevation downstream 
of the drop has no impact on the upstream water surfaces. At high discharges, the geometry of 
the drop structure will again control the upstream water surfaces. When the discharge is large, 
the tailwater elevation is high enough to drown out the supercritical flow as water passes over 
the drop. The elevated water surface on the drop will then impact the upstream face of the cul- 
vert ceiling, thus surcharging the culvert entrance. The drop structure then acts like a flow re- 
strictor. causing water to collect upstream of the bridge structure and to flow across the street as 
overland flow. 
Contrar). to the expected behavior of a flow restrictor, however, the surcharged drop struc- 
ture is not beneficial to Urbana. When a flow restrictor is installed in a river, the hope is to 
constrict the channel, causing water to collect upstream thus decreasing discharges down- 
stream. In this case. water is certainly backed up behind the bridge, but the downstream dis- 
charge is not necessarily attenuated. The water that collects upstream of the bridge almost 
immediate!!. flows into and through the Hendrick House parking lot, across Lincoln Avenue, 
and o\.erland through Urbana, only to rejoin the channel downstream of the culvert. The re- 
stricti\.r brha\.ior of the drop structure is actually detrimental to Urbana. Rather than reducing 
downstream discharges. the constriction converts water that would normally flow through the 
culvert without incident into overland flow that can be very damaging to property on both sides 
of the creek. 
The main goal of the University of Illinois channel improvements was to achieve a high 
level of flood protection within the University's campus (i.e. reducing flood stages), while at 
the same time not increasing peak discharges flowing into Urbana. The proposed improve- 
ments upstream of Lincoln Avenue increased the in-channel storage and conveyance of the 
creek, which was predicted to decrease the peak discharges for all floods with return periods of 
one to 100 years. The physical model was used to explore the effectiveness of these proposed 
improvements in achieving the goals mentioned above. 
The proposed improvements did decrease stages for the one through 100-year storms. 
Physical model results show that stages in the channel upstream of the bridge were decreased 
by an average of 2 feet for the one through 100-year storm. This value assumes, however, that 
all upstream discharge-reduction improvements are in place and working perfectly. A more 
conservative analysis of the performance of the proposed conditions can be made by comparing 
behavior (stages) in terms of flood discharges rather than return periods. 
The proposed improvements still performed well when compared using the same stream 
discharges. With the improvements in place, the stage generated in the model floodplain up- 
stream of the bridge was less than that of existing conditions for every discharge tested. Stages 
within the channel were also decreased for every flow rate, with the one exception that was 
mentioned in Chapter 5 .  Water depths in the Urbana floodplain and on Lincoln Avenue were 
reduced by average values of .87 feet. The proposed improvements decreased flood stages for 
discharges all the way up to 1800 cfs, which is well beyond the level of the proposed-condition 
100-year flood. This indicates that the University of Illinois improvements are beneficial to all 
parries involved, even if the discharge-reduction improvements upstream of Lincoln Avenue do 
not work at all. Therefore, if the discharges per return interval stay the same, flood stages all 
around Lincoln Avenue (including those in Urbana) will be reduced after the proposed im- 
provements are completed. 
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Table A1 -Calibration Data for 14-inch Dall Flow Tube 
Reading 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

I0 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

Trial 
I 
2 
3 
Weight Total Time Volume Flow 
(pounds) (seconds) (cubic ft) (cfs) 
30340 840 487.27 0.58 
27080 600 434.91 0.72 
29540 520 474.42 0.91 
25990 420 41 7.41 0.99 
26600 400 427.20 I .07 
2631 0 360 422.54 1.17 
261 95 340 420.70 1.24 
25980 320 41 7.24 1.30 
2741 5 320 440.29 1.38 
25790 280 414.19 1.48 
26480 270 425.27 I .58 
25115 240 403.35 1.68 
26205 240 420.86 1.75 
261 30 220 41 9.65 1.91 
26380 21 0 423.67 2.02 
28530 21 0 458.20 2.18 
31210 210 501.24 2.39 
34265 210 550.30 2.62 
3671 5 210 589.65 2.81 
39470 210 633.90 3.02 
40705 204.5 653.73 3.20 
40505 192.7 650.52 3.38 
40555 "11.6 651.32 3.59 
Table A2 -Calibration Data for V-Notch Weir 
I Point Gage Reading at Weir Apex 0.876 fi 
Point Gage Setting Time Water Depth 
(ft) (s) (fi) 
1.228 191.03 0.352 
1.277 135.16 0.401 
1.345 95.46 0.469 
Deflection (R) 

(inches) 

1.05 

1.8 

2.85 
3.5 
4.05 
4.9 
5.55 
6.1 
6.9 
7.95 
9.15 
10.55 
11.4 
13.5 
15.15 
17.8 
21.25 
25.7 
29.8 
34.4 
38.7 
43.7 
49.1 
Discharge 
(cfs 
0.032 
0.045 
0.063 
0 5 10 15 20 25 30 35 40 45 50 55 

R: Manometer Pressure Differential (inches) 
Figure A1 -Calibration Curve for Dall Flow Tube Flowmeter 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

R: Water Depth above Weir Apex (ft) 
Figure A2 -Calibration Curve for V-Notch Weir 

Table n.1 - Backwater Calculation for CDM Rating Curve 
Boneyard II BadoJLQter Computation Usingthe Standard Step Method 
561 cfs WSE from CDM Model: 706.4 ft above MSL 
0.024 Station E30 Channei bottom: 700.7 ft above MSL 
Table 13.2 -Manning's Formula Calculations for Normal Depth Tailwater Curve 
0.00145Channel slope: 
21.4Channel Wdth 
"--
700.54Bed elevation 
Total Q Y A3Q1R1A1Cischarge P3PIz P2 PL FQ Q2 R3 Q3 Total Q 
-3.799E-10 4.56 0500.003.2097.49500 030.51705.10 0 0 0 0 0 0 500 
-1.212E-09 5.16 0600.003.48110.47600 031.72705.70 0 0 0 0 0 0 f-xl 
0.00023934 5.81 0711.003.76124.28711 033.02706.35 0 0 0 0 0 0 71 1 
-1.754E-07 6.31 0800.003.97135.00800 034.02706.85 0 0 0 0 0 0 800 
-0.OOEi977 6.47 0829.004.03138.44829 034.34707.01 0 0 0 0 0 0 829 
-7.1 15E-07 7.27 0976.004.33155.47976 035.93707.81 0 0 0 0 0 0 976 
-0.0007672 7.81 01080.004.52167.211080 037.03708.35 0 0 0 0 0 0 1080 
4.62E-08 8.43 01200.004.72180.49I200 038.27708.97 0 0 0 0 0 0 1200 
-0.000483 8.79 01270.004.83188.121270 038.98709.33 0 0 0 0 0 0 1 270 
9.E-08 9.44 01400.005.02202.091400 040.29709.98 0 0 0 0 0 0 1400 
8.18E-05 9.77 0.031469.955.13209.151470 0.0740.80710.31 0.03 0.07 0.47 0.02 0.47 0.02 1470 
9.23E-05 10.24 11589.895.37219.221600 0.5540.80710.78 1 0.55 3.53 5.06 3.53 5.06 1600 
231E-07 10.54 4.601667.625.53225.591700 0.8440.80711.08 4.63 0.84 5.45 16.19 5.45 16.19 1700 
-9.349E-05 10.67 6.151702.365.60228.401750 0.9840.80711.21 6.15 0.98 6.30 23.82 6.30 23.82 1750 
272E-05 11.01 11.211793.905.78235.691900 1.3240.80711.55 11.21 1.32 8.51 53.05 8.51 53.05 1900 
0.00044134 11.21 14.771846.845.88239.84200 1.5140.80711.75 14.77 1.5 9.77 76.58 9.77 76.58 2000 
APPENDIXC - CALCULATIONS ROUGHNESSBACKWATER FOR CHANNEL 
Table C.1 -Backwater Computation for Winter Roughness Conditions 
Boneyard II BackvAer Caqwtation Using the Standard Step Methcd 
Q= Wds P I E  from mxlel data: 709.51 ft above MSt 
Ntanning's n = 0.015 Station 71 15.8 Channel bottom: 700.7 ft above 
W slope = -0.000525 
a= 1.1 
H-H Station z A v amg H FW R rd S, S,~ i s t ~ s  AX 
0 7115.8 199.2 709.51 81.0695 11.101586 2.10512 711.6151 20.1883 4.01566752 6.382787 0.001957 
O.O(XX314547 7124.2 190.8 710.21745 98.97713 9.0430101 1.412284 71 1.6297 27.5607 3.59124142 5.499537 0.001524 0.00174 
O.O(l0759397 7152.8 162.2 710.06544 92.61957 9.71 71693 1.612822 71 1.6783 27.79126 3.33269708 4.978051 0.001922 0.001 723 
-4.1789E-06 7183.1 131.9 710.34534 99.82481 9.015795 1.388401 71 1.7337 30.42018 3.28153227 4 . 87W  0.001689 0.001806 
0.1300401 38 721 2 103 709.86989 84.73391 10.621486 1.926981 71 1.7m 28.76291 2.9459431 1 4.2231 11 0.002707 0.002198 
-8.07075E-05 7232.3 827 710.87091 119.5584 7.5276997 0.967902 711.8388 41.143 2.90!392418 4.146793 0.001385 0.00X)46 
O . O ( X l 2 ~  7245.8 69.2 710.78249 113.467 7.9318183 1.074614 71 1 .W1  34.92453 3.24892101 4.81 1925 0.001325 0.001355 
0.0130307842 7264.9 50.1 71 1.34633 161 .W 5.557297 0.527514 71 1.8738 36.362544.45373775 7.327675 0.000427 0.000876 
2.31239E-07 7290.2 24.8 711.2753 150.4615 5.9815952 0.61114 711.8864 37.488394.01354985 6.378299 0.000569 0.000498 
1.79421E-05 731 5 0 711.2922 150.9154 5.9633072 0.60747 711.8997 34.24471 4.4E96917 7.225258 0.000499 0.000534 
Q= mcfs Q= 700 cfs 
n = 0.016 n= 0.016 
W a t  DIS 708.42 m a t  WS 708.83 
Station Z Station Z Station z 
7115.8 708.42 71 15.8 708.83 7115.8 709.19 
7124.2 709.0305 71 24.2 709.4597 71 24.2 709.8518 
71 52.8 708.9164 71 52.8 709.3383 7152.8 709.7146 
7183.1 709.1045 7183.1 709.557 71 83.1 709.951 8 
7212 708.7651 7212 709.2124 7212 709.5354 
7232.3 709.0079 7232.3 709.4855 7232.3 710.055 
7245.8 709.3197 7245.8 709.8619 7245.8 710.3226 
7264.9 709.6!387 7264.9 71 0.2463 7264.9 710.8421 
7290.2 709.752 7290.2 710.3313 7290.2 710.834 
7315 709.7072 7315 710.3162 7315 710.8444 
Table C.2 -Backwater Computation for Summer Roughness Conditions 
Boneyard II f3achmter ComputationUstng the Standard Step Method 
Q=  800ds W E  from modd data: 708.98 ft above MSL 
Manning'sn = 0.028 0.042 Station71 15.8 Chard bottom: 700.7 f t  above MSL 
Bed slcpe = -0.000525 
a=  1.1 
H - H  Station Dst WS Z A V aW2g H Pw R IT sf % Ax 
0 7115.8 199.2 708.98 72.086 11.097855 2.103705 711.0837 20.18833.57068206 5.457598 0.00797 
3.53737E-06 7124.2 190.8709.89067 93.60156 8.5468658 1.24773 711.1384 27.!3373.39619394 5.104938 0.005053 0 . m 1 2  
2.08809E-06 7152.8 162.2 709.97129 91.01722 8.7895457 1.319592 711.2909 27.79126 3.27503058 4.863555 0.00561 0.005332 
1.13516E-06 7183.1 131.9 710.35163 99.91214 8.CO46316 1.094434 711.4461 30.42018 3.28538927 4.884076 0.004633 0.005121 
-1.51 333E-05 7212 103 710.33855 93.26332 8.5778634 1.256797 711.5953 29.88095 3.12116329 4.5613 0.005697 0.005165 
5.21725E-05 7232.3 82.7 710.96843 123.2447 6.491 1536 0.719698 71 1.6881 41.143 299551955 4.318135 0.003446 0.004571 
3.10148Ea 7245.8 69.2 710.96597 119.4483 6.6974591 0.766173 711.7321 34.92453 3.42018281 5.153067 0.003074 0.00326 
-0.000453162 72W.9 50.1 711.35831 162.4357 4.9250255 0.414308 711.7726 36.36254 4.46711606 7.357038 0.001164 0.002119 
-0.00013061 7290.2 24.8 711.33442 152.1881 5.253528 0.471982 711.8064 37.48839 4.05960581 6.476074 0.001507 0.001336 
-0.000443945 731 5 0 711.37956 153.9088 5.1978822 0.461487 711.841 34.24471 4.49438309 7.416974 0.001286 0.001397 
Q= mcfs Q=  700 cfs 

n = 0.027 n = 0.029 

WSE at DIS 708.33 WSE at DIS 708.7 

Station Z Station Z Station Z 
71+15.8 708.26 71+15.8 708.E 71+15.8 708.98 
71+24.2 709.0534 71 +24.2 709.4947 71+24.2 709.8907 
7162.8 709.0822 71 +52.8 709.5464 7162.8 709.9713 
71+83.1 709.3668 71+83.1 709.8734 71+83.1 710.3516 
72+12.0 709.2829 72+12.0 709.8587 72+12.0 710.3385 
72+32.3 709.516 72+32.3 710.3303 72+32.3 710.9684 
72+45.8 709.7807 72M.8 71 0.4486 72M.8 710.B 
72+64.9 710.0888 72+64.9 710.8453 72+64.9 711.3583 
72+90.2 710.1744 72m.2 710.8721 72+90.2 71 1.3344 
73+15.0 710.1818 73+15.0 710.9131 73+15.0 711.3796 
I 1 	 1+800 measured 
711.50 -
-m- 700 measured 
- - ct - -700 calculated 
711.00 
-- 710.50 
a 

V)
E 
710.00 -
0 
C, 
n 
C1 
0 

709.50 
W 
V)
'709.00 -
-708.50 
707.50 	 4 
73+50 73+00 72+50 72+00 7 1 +50 71+00 
River Station 
Figure C . l -  Comparison of Measured and Calculated Profiles for Winter Roughness 
707.50 	 1 
73+50 73+00 72+50 72+00 71 +50 71 +00 
River Station 
Figure C.2 -Comparison of Measured and Calculated Profiles for Summer Roughness 
I 
APPENDIXD - STAGEDATAFOR EXISTINGCONDITIONS 

Table 11.1 - In-Channel Water Surface Elevations for Data Set 1 
pinttap River 600 700 800 900 
number Station cfs cfs cfs d s  
pin1 73+066 70988 710 38 71099 711.52 
I 72+85.7 70968 710 21 710 76 711.25 
pin;! 72+74.7 709.65 71024 710.88 711.26 
2 7260.3 709.63 710.22 710.72 711.25 
pin3 72t45.8 709.36 709.87 710.49 711.01 
3 72+35.3 709.20 709.70 710.18 710.73 
pin4 72+21.4 709.04 709.48 709.77 709.97 
4 72N5.3 708.72 709.11 709.50 709.96 
pin5 71+83.1 709.04 709.52 709.75 710.38 
5 71-69.0 708.98 709.42 709.84 710.19 
pin6 71+52.8 708.98 709.30 709.81 710.03 
6 71+34.8 709.03 709.52 709.95 710.30 
7 71+19.8 708.91 709.40 709.80 710.13 
8 71+13.2 708.13 708.50 708.80 709.12 
9 71N5.7 707.72 708.01 708.26 708.57 
10 7W99.0 704.31 704.55 704.84 705.15 
11 7W88.3 703.00 703.64 704.35 705.14 
12 7W78.5 702.76 702.98 703.00 703.17 
13 70~35.3 702.07 702.38 702.61 702.87 
14 7W50.9 703.34 703.58 703.78 704.04 
15 7W38.5 703.33 703.64 703.93 704.20 
16 7W30.9 702.98 703.22 703.47 703.76 
17 7W18.6 704.43 704.00 704.25 704.55 
18 7M3.9 704.67 703.92 703.98 704.24 
19 6990.0 705.04 703.96 704.36 704.31 
20 69+74.3 705.12 705.09 705.50 704.89 
21 69+62.3 705.03 705.19 705.02 705.04 
22 69+48.5 705.25 705.13 705.48 705.46 
Water 
1000 
cf s 
711.98 
711.85 
711.73 
711.83 
711.52 
711.39 
710.54 
710.07 
710.57 
710.52 
710.29 
710.65 
710.48 
709.44 
708.86 
705.40 
705.79 
703.35 
703.10 
704.26 
704.46 
704.04 
704.79 
704.52 
704.53 
705.04 
704.77 
705.33 
Surface 
1100 
cfs 
712.52 
712.40 
712.47 
712.43 
712.23 
712.13 
711.51 
710.57 
711.00 
710.88 
710.76 
711.01 
710.79 
709.62 
709.12 
705.72 
706.44 
703.57 
703.26 
704.55 
704.76 
704.24 
705.08 
704.83 
704.82 
705.31 
704.97 
705.37 
Elevations 
1200 
ds  
713.09 
712.85 
713.15 
712.87 
713.02 
712.64 
712.28 
711.09 
711.58 
711.20 
711.25 
711.36 
711.13 
709.83 
709.40 
706.03 
706.93 
703.81 
703.45 
704.78 
705.01 
704.47 
705.32 
705.04 
705.10 
705.61 
705.33 
705.57 
(feet above 
1300 
cfs 
713.54 
713.37 
713.81 
713.53 
713.46 
713.41 
713.03 
712.69 
712.24 
711.87 
711.66 
711.68 
711.51 
710.12 
709.71 
706.26 
707.22 
704.04 
703.65 
704.96 
705.21 
704.68 
705.57 
705.40 
705.36 
705.90 
705.61 
705.80 
MSL) 
1400 
cfs 
713.81 
713.76 
713.96 
713.71 
713.97 
713.72 
713.85 
713.48 
713.37 
712.65 
712.29 
712.22 
712.01 
710.43 
710.01 
706.53 
707.65 
704.22 
703.81 
705.13 
705.50 
705.00 
706.03 
705.97 
705.96 
706.68 
706.50 
706.33 
1500 
cfs 
714.16 
713.96 
714.26 
714.03 
714.22 
714.18 
714.28 
714.07 
713.94 
713.64 
712.97 
712.83 
712.43 
710.67 
710.13 
706.64 
707.90 
704.44 
703.88 
705.26 
705.75 
705.76 
707.66 
707.50 
707.77 
707.84 
706.81 
706.58 
1600 
cfs 
714.71 
714.57 
714.67 
714.71 
714.78 
714.85 
714.87 
714.77 
714.75 
714.68 
714.40 
714.21 
713.45 
711.06 
710.13 
706.50 
708.46 
704.59 
703.74 
705.48 
706.87 
707.79 
708.75 
708.40 
708.51 
708.54 
707.72 
706.96 
1700 
cfs 
714.87 
714.77 
714.98 
714.87 
715.04 
715.05 
715.18 
715.05 
715.10 
714.98 
714.83 
714.55 
713.72 
711.06 
710.05 
706.46 
708.56 
706.57 
709.02 
709.99 
710.21 
709.86 
710.04 
709.46 
709.51 
709.40 
708.73 
707.05 
1800 
cfs 
714.95 
714.84 
714.86 
714.91 
715.03 
715.13 
715.27 
715.15 
715.28 
715.01 
714.85 
714.49 
713.72 
710.78 
709.89 
706.78 
709.36 
709.29 
709.82 
710.41 
710.57 
710.06 
710.42 
709.78 
709.75 
709.75 
709.09 
707.29 
Table D.2 - In-Channel Water Surface Elevations for Data Set 2 
pinhap 
number 
pin1 
1 
pin2 
2 
pin3 
3 
pin4 
4 
pin5 
5 
pin6 
6 
7 
8 
9 
I 0  
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
(feet aboveElevations MSL)Water Surface 
River 600 700 800 900 13001200 14001000 1100 1500 1600 1700 1800 
Station cfs ds ds ds  dsds  dscf s cf s cf s ds  ds ds 
7306.62 709.88 710.37 710.96 711.48 713.53713.07 714.10712.07 712.56 714.39 714.78 715.29 715.55 
7285.7 709.77 710.31 710.83 711.23 713.52713.01 714.08712.02 712.49 714.39 714.84 715.09 715.41 
7274.7 709.74 710.29 710.82 711.37 713.68713.14 714.24712.05 712.52 714.31 715.15 715.25 715.45 
7260.3 709.71 710.27 710.78 711.19 713.64713.07 714.06712.02 712.45 714.47 714.91 715.08 715.44 
7245.8 709.34 709.94 710.49 711.00 713.69713.02 714.24711.80 712.33 714.64 715.10 715.32 715.66 
7235.3 709.27 709.76 710.25 710.69 713.60712.92 714.15711.66 712.15 714.62 715.01 715.32 715.47 
7221.42 709.21 709.47 709.76 710.12 713.64712.41 714.25710.97 711.61 714.73 715.18 715.53 715.71 
7205.3 708.79 709.14 709.54 709.93 713.09711.57 714.01710.24 710.65 714.57 714.99 715.34 715.M 
7183.1 709.10 709.56 709.99 710.53 712.77711.67 713.98710.84 711.13 714.54 715.09 715.46 715.72 
7169 709.02 709.42 709.86 710.17 712.28711.31 713.59710.59 710.91 714.37 714.87 715.29 715.57 
7152.8 709.03 709.51 709.82 1 0 . 0 7  711.91711.27 713.21710.39 710.85 714.05 714.71 715.22 715.52 
7134.8 709.09 709.52 709.95 710.24 712.04711.43 713.04710.71 711.06 713.78 714.33 714.92 715.21 
7119.8 708.98 709.41 709.82 710.11 711.73711.26 712.56710.59 710.89 712.99 713.57 714.07 714.31 
7113.2 708.14 708.48 708.79 709.08 710.83710.05 711.25709.51 709.70 711.54 711.33 711.55 711.71 
7105.7 707.73 708.06 708.31 708.61 710.24709.74 710.35709.04 709.38 711.00 711.37 711.49 711.61 
7099 704.46 705.01 705.55 706.29 708.37707.72 708.67706.63 707.32 709.50 709.94 709.95 709.98 
7088.3 704.89 706.16 707.05 707.72 709.53709.08 709.64708.10 708.70 710.24 710.48 710.65 710.79 
7078.5 705.94 706.64 707.17 707.83 710.34709.57 710.79708.20 709.03 711.37 711.85 712.11 712.31 
7065.3 706.38 707.06 707.53 708.13 710.49709.87 710.88708.66 709.35 711.47 711.72 711.92 712.20 
7050.9 706.45 707.25 707.83 708.45 710.72710.17 711.12709.09 709.63 711.61 711.85 712.08 712.34 
7038.5 706.50 707.31 707.89 708.54 710.81710.25 711.19709.09 709.74 711.59 711.90 712.14 712.41 
7030.9 706.38 707.17 707.76 708.39 710.61710.04 711.01708.88 709.54 711.45 711.72 711.96 712.21 
7018.6 706.50 707.20 707.80 708.44 710.70710.12 711.13708.97 709.63 711.66 711.97 712.22 712.50 
7003.9 706.23 706.93 707.40 708.16 710.35709.72 710.81708.50 709.23 711.31 711.59 711.90 712.19 
6990 706.18 706.86 707.36 708.00 710.28709.64 710.76708.42 709.15 711.25 711.56 711.85 712.14 
6974.3 706.12 706.81 707.31 707.97 710.29709.64 710.76708.42 709.12 711.25 711.60 711.90 712.16 
6962.3 705.96 706.66 707.12 707.77 710.05709.41 710.53708.19 708.91 710.90 711.20 711.47 711.75 
6948.5 705.98 706.68 707.17 707.83 710.10709.42 710.53708.21 708.96 710.95 711.21 711.44 711.71 
Table D.3 - In-Channel Water Surface Elevations for Data Set 3 
p6
number 
River 
Station 
I 
600 
d s  
700 
cfs 
800 
d s  
900 
d s  
Water Surface Elevations (feet above MSL) 
'I000 1100 1200 1300 1400 
ds cfs cfs cfs cfs 
1500 
cfs 
1600 
cfs 
1700 
cfs 
1800 
cfs 
7306.62 709.76 710.44 710.95 711.43 711.72 712.76 712.97 713.11 713.84 714.34 714.67 715.06 715.24 

Table D.5 - In-Channel Water Surface Elevations for Data Set 5 
pinhap 
nurrber 
Rver 
Station 
600 
cf s 
Surface 
1100 
ds 
Water 
1000 
cf s 
Elevations 
1200 
cfs 
800 
cfs 
700 
cf s 
900 
cfs 
(feet above 
I300 
cfs 
I500 
cfs 
MSL) 
1400 
cfs 
I600 
cfs 
1700 
cfs 
I800 
cfs 
pin1 73i03.6 710.34 712.82712.73 713.71711.55710.99 712.10 713.93 714.66714.29 715.08 715.11 715.43 
I 72+85.7 710.17 713.06712.63 713.66711.43710.87 712.02 713.96 714.47714.24 714.85 715.16 715.43 
pin2 72+74.7 710.17 713.27712.81 713.90711.52710.85 712.04 714.10 714.82714.43 715.13 715.33 715.26 
2 72-60.3 710.11 713.12712.71 713.82711.39710.82 711.98 714.09 714.72714.29 714.96 715.21 715.50 
pin3 
3 
72+45.8 
72+35.3 
709.94 
709.72 
712.94 
712.95 
712.52 
712.41 
713.79 
713.77 
711.18 
710.99 
710.64 
710.40 
711.85 
711.67 
714.12 
714.09 
714.80 
714.84 
714.39 
714.35 
715.16 
715.11 
715.38 
715.35 
715.52 
715.67 
pin4 72+21.4 709.60 712.37711.87 713.66710.43709.92 711.13 714.01 714.94714.44 715.16 715.42 715.81 
4 72-1-05.3 709.20 711.78711.15 713.35710.13709.69 710.60 713.87 714.79714.24 715.11 715.33 715.70 
pin5 71+83.1 709.09 711.13711.09 713.07710.08709.78 710.58 713.61 714.73714.10 714.97 715.25 715.69 
5 7169.0 709.12 711.20710.88 712.31710.07709.66 710.47 713.17 714.60713.77 714.93 715.17 715.59 
pin6 7162.8 709.00 710.86710.76 711.91709.81709.53 710.34 712.55 714.35713.26 714.75 715.00 715.46 
6 71+34.8 708.90 710.90710.60 711.56709.80709.39 710.17 712.13 713.85712.69 714.32 714.65 715.16 
7 71+19.8 708.67 710.53710.27 711.07709.50709.14 709.83 711.54 713.00711.95 713.36 713.66 714.20 
8 71-kl3.2 707.77 709.08708.87 709.56708.42708.10 708.62 709.71 710.75710.02 710.89 710.97 711.25 
9 71-1-05.7 707.54 708.87708.64 709.28708.08707.85 708.33 709.56 709.69709.92 710.31 710.35 710.41 
I 0  7W . O  704.05 705.54705.03 706.15704.47704.23 704.62 706.78 707.85707.48 708.15 708.45 708.70 
11 70t88.3 703.08 707.19706.64 708.15704.43703.75 705.08 708.74 709.59709.35 709.63 709.92 709.51 
12 70t78.5 702.51 707.49706.89 708.26704.19702.73 705.01 708.99 710.39709.77 710.72 711.00 711.36 
13 7065.3 702.12 708.10707.68 708.73705.54702.32 706.71 709.29 710.55710.05 710.83 711.08 711.39 
14 70-15Q.9 703.27 708.58708.20 709.24706.68704.00 707.48 709.81 710.89710.43 711.20 711.31 711.75 
15 70t38.5 705.12 708.73708.33 709.41706.92705.82 707.64 709.89 711.00710.55 711.32 711.43 711.91 
16 70t30.9 704.91 708.51708.07 709.10706.75705.72 707.40 709.66 710.77710.25 711.03 711.19 711.69 
17 70t18.6 705.42 708.68708.24 709.33706.93706.10 707.56 709.80 710.96710.43 711.24 711.38 711.97 
18 7M3.9 705.39 708.54708.09 709.12706.87706.12 707.43 709.57 710.71710.05 711.08 711.07 711.80 
19 6W . O  705.48 708.48708.07 709.08706.88706.18 707.44 709.53 710.72709.99 711.06 711.17 711.75 
20 6974.3 705.68 708.50708.08 709.10706.90706.26 707.43 709.57 710.75710.06 711.03 711.19 711.79 
21 6962.3 705.63 708.31707.91 708.93706.77706.15 707.29 709.38 710.43709.83 710.72 710.84 711.35 
22 69+48.5 705.68 708.36707.92 708.96706.78706.21 707.31 709.36 710.41709.90 710.75 710.79 711.21 
Table D.6 - In-Channel Water Surface Elevations for Data Set 6 
-- -
Water Surface Elevations (feet above MSL) 
pinltap River 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 
number Station ds cfs cfs ds cfs cfs cfs cfs cfs cfs cfs cfs cfs 
pin1 73+066 70980 71048 71104 711.97 713.40 714.16 714.86 715.14 715.34 715.56 715.81 716.13 716.22 
1 72+857 70975 71033 71083 711.75 713.34 714.07 714.68 715.11 715.39 715.52 715.81 716.13 716.17 
pin2 72+74.7 70974 71030 710.88 711.76 713.45 714.22 714.82 715.27 715.52 715.68 715.90 716.24 716.51 
2 72W.3 709.69 710.25 710.84 711.72 713.41 714.17 714.75 715.19 715.43 715.58 715.83 716.18 716.19 
pin3 72+45.8 709.37 710.01 710.50 711.63 713.42 714.26 714.88 715.23 715.54 715.70 715.97 716.34 716.56 
3 72+35.3 709.26 709.76 710.29 711.39 713.34 714.19 714.85 715.29 715.56 715.75 716.00 716.30 716.40 
~ i n 4  72+21.4 709.17 709.55 709.86 710.84 713.19 714.27 714.90 715.35 715.66 715.79 716.15 716.33 716.62 
Table D.7 - In-Channel Water Surface Elevations for Data Set 7 
Water Surface Elevations (feet above MSL) 
pinltap Rver 600 15001000900 1100700 800 1200 1300 1400 1600 1700 1800 
number Station cfs cfscfscf s dsd s  cf s cf s cf s ds  cfs cfs cfs 
pin1 73+06.6 709.77 715.34712.20711.44 713.58710.40 710.97 714.36 714.74 715.11 715.58 715.87 716.13 
I 72+85.7 709.66 715.32712.11711.35 713.60710.28 710.84 714.38 714.75 715.15 715.62 715.73 716.06 
pin2 72+74.7 709.67 715.40712.14711.34 713.68710.24 710.86 714.56 714.90 715.27 715.59 715.84 716.16 
2 7260.3 709.63 715.32712.11711.31 713.67710.23 710.83 714.44 714.81 715.17 715.64 715.70 716.09 
pin3 72+45.8 709.31 715.50711.96711.03 713.71709.89 710.53 714.53 714.98 715.29 715.74 715.92 716.35 
3 72+35.3 709.21 715.50711.80710.82 713.65709.74 710.29 714.50 714.97 715.26 715.77 715.88 716.24 
pin4 72+21.4 709.10 715.62711.21710.09 713.65709.60 709.76 714.59 715.02 715.37 715.87 716.01 716.43 
4 72N5.3 708.73 715.53710.71710.02 713.39709.14 709.56 714.49 714.95 715.27 715.81 715.97 716.29 
pin5 71+83.1 709.08 715.57711.12710.39 713.20709.57 709.98 714.45 714.90 715.34 715.83 716.03 716.38 
5 7169.0 708.94 715.52710.95710.27 713.03709.41 709.88 714.35 714.87 715.23 715.75 715.95 716.28 
pin6 71+52.8 708.89 715.34710.82710.12 712.83709.31 709.85 714.23 714.73 715.15 715.67 715.83 716.25 
6 71+34.8 709.04 715.20711.03710.34 712.87709.52 709.96 714.06 714.57 714.98 715.44 715.71 716.11 
7 71+19.8 708.91 714.61710.91710.17 712.82709.40 709.84 713.73 714.13 714.45 714.86 715.15 715.64 
8 71+13.2 708.32 713.48710.31709.44 712.28708.73 709.08 712.83 713.07 713.36 713.59 713.72 713.79 
9 71N5.7 707.74 713.49710.19708.96 712.28708.07 708.67 712.87 713.07 713.36 713.58 713.72 713.49 
10 7W99.0 705.24 712.10710.01707.84 710.65705.81 706.38 711.63 711.78 712.02 712.19 712.29 712.33 
11 7W88.3 706.35 712.61710.05708.32 711.68707.00 707.61 712.21 712.27 712.57 712.69 712.86 713.01 
12 70t78.5 706.63 713.48710.61709.20 712.16707.31 707.88 712.75 713.00 713.31 713.59 713.73 713.90 
13 7M5.3 706.89 713.33710.91709.44 712.16707.58 708.18 712.64 712.89 713.19 713.45 713.61 713.67 
14 70t50.9 707.01 713.40711.00709.57 712.22707.71 708.39 712.73 712.97 713.28 713.54 713.70 713.84 
15 70t38.5 707.08 713.41711.01709.63 712.21707.78 708.46 712.71 712.94 713.29 713.55 713.75 713.89 
16 70t30.9 706.98 713.23710.96709.57 712.10707.70 708.32 712.59 712.80 713.11 713.37 713.53 713.70 
17 70t18.6 707.07 713.46711.03709.63 712.23707.74 708.43 712.76 713.03 713.35 713.59 713.78 713.94 
18 7Qt03.9 706.99 713.41711.00709.56 712.18707.70 708.34 712.71 712.99 713.30 713.54 713.72 713.84 
19 6990.0 706.99 713.41710.99709.57 712.21707.67 708.33 712.70 712.99 713.30 713.54 713.70 713.84 
20 6974.3 706.99 713.45710.97709.54 712.21707.68 708.31 712.71 712.99 713.33 713.58 713.75 713.88 
21 69+62.3 706.92 713.29710.89709.46 712.15707.59 708.24 712.62 712.87 713.18 713.41 713.59 713.72 
22 69+48.5 706.93 713.28710.89709.44 712.11707.56 708.24 712.61 712.88 713.17 713.41 713.59 713.70 
'I'wl~lc11.8 - in-(lli:~nnel Water Surface Elevations for Data Set 8 
Water Surface (feet aboveElevations MSL) 
pinltap River 600 15001000 1100 13001200800700 1400900 1600 1700 1800 
number Station ds dscfs cfs cfscfsdsds cfscf s cfs ds ds 
pin1 73+06.6 710.30 715.74713.70 714.47 715.27714.9271 1.59 710.93 715.66712.35 716.04 716.19 716.30 
1 72+85.7 710.19 715.69713.69 714.37 715.20714.86711.48710.88 715.52712.31 715.87 716.09 716.36 
pin2 72+74.7 710.22 715.78713.83 714.49 715.26715.00711.45710.90 715.68712.36 715.92 716.23 716.56 
2 72+60.3 710.17 715.75713.79 714.48 715.27714.96711.43710.84 715.58712.31 715.98 716.17 716.37 
pin3 72+45.8 709.94 715.85713.85 714.42 715.36715.02711.28710.63 715.67712.18 716.02 716.30 716.66 
3 72+35.3 709.74 715.87713.82 714.53 71 5.37 71 5.02 71 1.09 71 0.45 71 5.70 712.09 716.09 716.33 716.51 
pin4 
4 
72+21.4 
72W5.3 
709.62 
709.42 
716.03 
715.92 
713.77 
713.64 
714.54 
714.48 
715.40 
715.39 
715.07 
715.01 
710.69 
710.60 
710.13 
709.98 
715.68 
715.71 
711.66 
711.30 
716.16 
716.11 
716.46 
716.36 
716.84 
716.58 
pin5 71+83.1 709.38 715.92713.46 714.48 715.37714.99710.40709.96 715.62711.11 716.08 716.34 716.80 
5 71+69.0 709.18 715.80713.12 714.25 715.23714.86710.17709.71 715.58710.90 716.03 716.29 716.49 
pin6 71+52.8 709.21 715.76712.91 714.31 715.17714.77710.01709.50 715.56710.83 715.93 716.22 716.49 
6 71+34.8 709.02 715.55712.87 713.94 714.99714.60709.95709.52 715.34710.79 715.65 715.92 716.23 
7 71+19.8 708.86 714.83712.71 713.61 714.42714.14709.70709.32 714.72710.61 714.93 715.20 715.46 
8 7 1 + 1 3 . 2 = - 8 . 3 3  713.61712.1 1 712.70 713.31713.1 1 708.68 713.52709.81 713.59 713.78 713.91 
9 71-1-05.7 707.62 713.69712.17 712.77 713.37713.16708.50708.01 713.54710.10 713.69 713.88 714.01 
10 70+99.0 705.98 712.52711.43 711.78 712.23712.05707.70706.63 712.47710.11 712.45 712.61 712.63 
11 70+88.3 707.06 713.05711.77 712.32 712.75712.51708.03707.61 712.93710.25 712.92 713.09 713.21 
12 70+78.5 707.28 713.77712.15 712.73 713.40713.11708.81707.94 713.66710.64 713.78 713.94 714.13 
13 70+65.3 707.50 713.63712.19 712.63 713.28713.05709.14708.20 713.53710.84 713.61 713.83 714.01 
14 70+50.9 707.59 713.76712.22 712.73 713.37713.11709.32708.37 713.64710.95 713.73 713.94 714.12 
15 70+38.5 707.64 713.76712.20 712.71 713.39713.11709.38708.42 713.65710.99 713.76 713.97 714.14 
16 70+30.9 707.56 713.59712.16 712.62 713.19712.98709.33708.32 713.51710.91 713.59 713.79 713.95 
17 70+18.6 707.62 713.81712.26 712.76 713.41713.16709.34708.36 713.70710.96 713.83 714.05 714.19 
18 70W3.9 707.46 713.69712.15 712.68 713.31713.07709.18708.15 713.60710.83 713.72 713.94 714.08 
19 69+90.0 707.43 713.70712.16 712.64 713.31713.05709.18708.09 713.59710.82 713.71 713.89 714.08 
20 69+74.3 707.40 713.72712.14 712.64 713.33713.07709.16708.13 713.61710.81 713.73 713.95 714.12 
21 69M2.3 707.32 713.59712.08 712.57 713.19712.94709.09708.02 713.48710.72 713.55 713.78 713.95 
22 69+48.5 707.32 713.55712.08 712.56 713.18712.93709.10708.03 713.45710.65 713.54 713.76 713.91 
Table D.9 - In-Channel Water Surface Elevations for Data Set 9 
Water ElevationsSurface (feet above MSL) 
pinttap Rver 600 1000800700 12001100900 1300 1400 1500 1600 1700 1800 
number Station d s  dscf s ds dsdsds  ds ds  ds ds  ds  cfs 
pin1 73tO6.6 710.28 712.72711.84710.95 714.47713.90712.22 715.00 715.19 715.52 715.69 715.89 716.06 
1 72+85.7 710.21 712.76711.44710.83 714.47713.87712.09 714.92 715.21 715.51 715.69 715.99 716.05 
pin2 72+74.7 710.22 712.81711.44710.90 714.59714.01712.16 715.10 715.32 715.62 715.77 716.11 716.23 
2 7260.3 710.19 712.79711.42710.79 714.55713.99712.11 715.02 715.17 715.57 715.79 716.12 716.15 
pin3 72+45.8 709.96 712.66711.28710.52 714.60714.08711.96 715.18 715.43 715.66 715.76 716.16 716.36 
3 72+35.3 709.78 712.62711.05710.40 714.63714.00711.84 715.05 715.39 715.67 715.89 716.16 716.36 
pin4 72+21.4 709.72 712.12710.60710.17 714.68713.95711.42 715.21 715.46 715.77 715.98 716.20 716.49 
4 72-1-05.3 709.46 711.65710.43709.94 714.60713.88710.94 715.07 715.43 715.69 715.93 716.19 716.36 
pin5 71+83.1 709.35 711.33710.32709.94 714.38713.76710.78 715.08 715.40 715.68 715.94 716.19 716.36 
5 7169.0 709.24 711.19710.18709.72 714.44713.47710.63 714.96 715.32 715.62 715.85 716.12 716.30 
pin6 
6 
71+52.8 
71+34.8 
709.05 
709.03 
710.88 
710.96 
709.91 
709.84 
709.49 
709.46 
714.05 
714.01 
712.94 
712.97 
710.43 
710.36 
714.83 
714.63 
715.17 
714.98 
715.51 
715.27 
715.80 
715.47 
716.01 
715.89 
716.32 
716.05 
7 71+19.8 708.87 710.73709.63709.27 713.61712.77710.06 714.11 714.42 714.66 714.84 715.40 715.53 
8 71+13.2 707.90 709.72708.60708.26 712.59712.03708.91 712.93 713.22 713.43 713.53 713.65 713.61 
9 71iO5.7 707.55 709.93708.26707.89 712.69712.15708.74 713.04 713.30 713.49 713.60 713.73 713.61 
10 70+99.0 705.12 709.65705.96705.43 711.54711.24707.05 711.80 711.97 712.28 712.27 712.34 712.35 
I 1  70+88.3 706.32 709.95707.54706.93 712.09711.61708.20 712.38 712.53 712.75 712.83 712.92 712.93 
12 70+78.5 706.51 710.52707.89707.19 712.58712.11709.14 713.00 713.30 713.53 713.71 713.75 713.79 
13 70-1-65.3 706.88 710.84708.25707.53 712.52712.14709.41 712.91 713.17 713.40 713.55 713.61 713.61 
14 70+50.9 706.95 710.99708.42707.68 712.63712.19709.54 713.00 713.29 713.49 713.66 713.78 713.82 
15 70+38.5 707.00 711.01708.44707.70 712.63712.19709.57 712.99 713.28 713.52 713.69 713.79 713.91 
16 7W30.9 706.93 710.95708.36707.61 712.51712.13709.52 712.83 713.11 713.36 713.49 713.61 713.84 
17 70+18.6 706.99 711.02708.43707.71 712.68712.23709.57 713.06 713.34 713.55 713.72 713.83 713.96 
18 70+03.9 706.94 710.99708.37707.65 712.63712.19709.52 713.03 713.29 713.49 713.67 713.77 713.88 
19 69+90.0 706.94 710.99708.37707.62 712.62712.17709.51 713.01 713.27 713.52 713.66 713.77 713.85 
20 69+74.3 706.94 710.99708.32707.64 712.62712.17709.47 713.03 713.33 713.54 713.69 713.82 713.90 
21 6962.3 706.87 710.95708.24707.55 712.55712.11709.39 712.89 713.19 713.39 713.55 713.65 713.75 
22 69+48.5 706.88 710.84708.27707.56 712.55712.11709.39 712.89 713.17 713.37 713.52 713.63 713.72 
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Table D.16 -Floodplain Water Depths for Data Set 7 
Water Depth (feet) 
Floodplain 600 700 800 12001000900 13001100 1400 1500 1600 1700 1800 
Point cfs cfs cfs cf s cf s cfs cfscfs cfs cfs cfs cfs cfs 
A 0 0 0 3.521.320 22 3.892.72 4.21 4.30 4.46 4.72 5.00 
B 0 0 0 1.1000 1.550.38 1.84 2.03 2.26 2.52 2.56 
C 0 0 0 3.821.370 34 4.223.05 4.52 4.72 5.00 5.41 5.66 
D 0 0 0 1.6100 2.020.72 2.29 2.63 2.82 3.10 3.46 
E 0 0 0 3.491.140 3.862.74 4.34 4.80 4.64 4.94 5.24 
F 0 0 0 2.1600 2.451.40 2.78 2.93 3.16 3.36 3.68 
G 0 0 0 1.6600 2.150.76 2.21 2.70 3.04 3.12 3.41 
H 0 0 0 1.2400 1.750.28 2.05 2.28 2.60 2.75 3.06 
I 0 0 0 1.4200 2.050.35 2.47 2.65 3.00 3.28 3.40 
J 0 0 0 0.5000 1.020 1.54 1.69 1.91 2.40 2.48 
K 0 0 0 000 0.220 0.50 0.80 1.20 1.42 1.58 
L 0 0 0 000 00 0 0 0.06 0.07 0.1 1 
Table D.17 -Floodplain Water Depths for Data Set 8 
Water Depth (feet) 
Floodplain 600 700 800 1100900 12001000 1300 1400 1500 1600 1700 1800 
Point cfs cfs cfs cfscfs cfscf s cfs cfs cfs cfs cfs cfs 
A 0 0 0.43 3.561.45 3.792.75 4.22 4.67 4.75 4.79 5.05 5.70 
B 0 0 0 1.100 1.600.53 1.84 2.23 2.41 2.60 2.93 3.14 
C 0 0 0.56 3.771.75 4.333.1 1 4.66 4.94 5.23 5.41 5.60 6.05 
D 0 0 0 1.560 2.040.88 2.36 2.72 2.98 3.1 1 3.35 3.76 
E 0 0 0.23 3.371.24 3.982.87 4.24 4.60 4.81 4.97 5.27 5.66 
F 0 0 0 2.1 1 0 2.891.46 2.76 3.00 3.25 3.44 3.60 4.14 
G 0 0 0 1.720 2.17I.02 2.65 2.99 3.22 3.36 3.61 4.03 
H 0 0 0 I.300 1.790.58 2.32 2.42 2.60 2.89 3.23 3.48 
I 0 0 0 1.580 2.120.90 2.63 2.92 3.05 3.32 3.59 3.84 
J 0 0 0 0.590 1.030 1.46 1.90 2.10 2.35 2.46 2.96 
K 0 0 0 00 0.140 0.61 0.88 1.04 1.30 1.54 1.75 
L 0 0 0 00 00 0 0.07 0.10 0.10 0.13 0.12 
Table D.18 -Floodplain Water Depths for Data Set 9 
Water Depth (feet) 
Floodplain 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 
Point cfs cfs cfs cfs cfs d s  d s  cfs cfs d s  cfs cfs cfs 
A 0 0 0.41 1.30 1.86 2.94 3.58 3.98 4.26 4.60 4.86 4.93 5.14 
B 0 0 0 0 0 0.65 1.20 1.74 1.91 2.14 2.34 2.57 2.92 
C 0 0 0.47 2.36 2.26 3.30 3.86 4.42 4.74 4.97 5.21 5.51 5.77 
D 0 0 0 0 0 1.09 1.69 2.10 2.48 2.69 3.01 3.24 3.34 
E 0 0 0.19 1.02 1.85 3.06 3.44 3.89 4.36 4.58 4.87 5.12 5.29 
F 0 0 0 0 0.47 1.66 2.18 2.57 2.88 3.06 3.31 3.62 3.73 
G 0 0 0 0 0 1.03 1.72 2.28 2.70 2.98 3.20 3.19 3.44 
H 0 0 0 0 0 0.59 1.25 1.91 2.03 2.54 2.60 2.86 3.02 
I 0 0 0 0 0 0.91 1.63 2.18 2.57 2.88 3.06 3.32 3.60 
J 0 0 0 0 0 0 0.73 1.20 1.44 1.73 1.90 2.32 2.47 
K 0 0 0 0 0 0 0 0.18 0.56 0.79 0.84 I.20 1.54 
L 0 0 0 0 0 0 0 0 0 0.07 0.08 0.08 0.13 
APPENDIXE - DATAFOR PROPOSEDSTAGE CONDITIONS 

Table E.2 - In-Channel Water Surface Elevations for Data Set 11 
Water Surface Elevati above MSL)ons (feet 
pinltap River 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 
number Station cfs cfs cfs cfs cfs cfs cfs cfs cfs cfs cfs cfs 
pin1 73+06.6 706.46 707.14 707.96 708.63 709.72 711.37 712.74 713.21 713.91 714.40 714.48 714.99 
1 72+85.7 706.29 707.07 707.78 708.48 709.60 71 1.26 712.55 71 3.1 3 71 3.75 714.14 714.45 714.79 
pin2 72+74.7 706.44 707.19 707.99 708.61 709.79 711.32 712.73 713.32 713.86 714.21 714.61 714.96 
2 7260.3 706.22 706.98 707.73 708.37 709.51 711.14 712.51 713.04 713.66 714.06 714.36 714.67 
pin3 72+45.8 706.38 707.19 708.05 708.62 709.71 711.33 712.69 713.25 713.81 714.26 714.59 714.87 
3 72+35.3 706.51 707.26 708.03 708.67 709.76 711.31 712.63 713.16 713.76 714.13 714.48 714.78 
pin4 72+21.4 706.48 707.26 708.07 708.71 709.83 711.36 712.69 713.20 713.85 714.31 714.61 714.99 
4 72+05.3 706.53 707.30 708.03 708.69 709.80 711.33 712.68 713.18 713.77 714.18 714.51 714.83 
pin5 71+83.1 706.45 707.40 708.09 708.78 709.95 711.39 712.67 713.31 713.85 714.33 714.57 715.01 
5 7169. 706.44 707.20 707.92 708.62 709.72 711.30 712.61 713.13 713.72 714.17 714.44 714.77 
pin6 71+52.8 706.51 707.25 708.05 708.79 709.87 711.40 712.75 713.33 713.89 714.37 714.60 714.99 
6 71+34.8 706.51 707.24 707.98 708.67 709.74 71 1.30 712.63 713.12 713.70 714.08 714.33 714.62 
7 71+19.8 706.53 707.30 708.04 708.67 709.80 711.36 712.67 713.18 713.78 714.18 714.44 714.77 
8 71+13.2 706.38 707.13 707.84 708.54 709.62 711.18 712.47 712.97 713.48 713.83 714.05 714.31 
9 71+05.7 706.28 707.02 707.71 708.32 709.46 711.00 712.22 712.58 713.04 713.28 713.40 713.59 
I 0  70+99. 706.46 707.24 707.96 708.58 709.72 711.23 712.44 712.86 713.31 713.63 713.81 714.03 
1I 70+88.3 706.46 707.20 707.92 708.56 709.68 711.14 712.34 712.75 713.16 713.42 713.59 713.78 
12 70+78.5 706.46 707.19 707.95 708.56 709.68 71 1 .I9 712.37 712.76 713.17 713.45 713.59 713.82 
13 7065.3 706.45 707.19 707.91 708.55 709.68 711.18 712.32 712.73 713.11 713.39 713.53 713.76 
14 70+50.9 706.45 707.19 707.91 708.54 709.65 711.14 712.41 712.70 713.10 713.37 713.47 713.70 
15 70+38.5 706.44 707.18 707.91 708.54 709.66 711.14 712.29 712.68 713.10 713.37 713.48 713.72 
16 70+30.9 706.38 707.12 707.85 708.46 709.57 711.07 712.21 712.56 712.97 713.22 713.33 713.52 
17 70+18.6 706.39 707.12 707.83 708.48 709.62 71 1 .I2 712.32 712.73 71 3.16 71 3.41 71 3.57 71 3.78 
18 70+03.9 706.28 706.99 707.67 708.28 709.41 710.99 712.23 712.63 713.06 713.34 713.45 713.65 
19 69+90. 706.26 706.96 707.77 708.25 709.38 710.95 712.21 712.63 713.06 713.33 713.46 713.64 
20 69+74.3 706.21 706.93 707.62 708.21 709.36 710.94 712.21 712.62 713.07 713.31 713.49 713.69 
2 1 6962.3 706.16 706.86 707.53 708.12 709.28 710.84 712.10 712.55 712.97 713.22 713.35 713.53 
22 69+48.5 706.16 706.84 707.53 708.14 709.29 710.83 712.15 712.56 713.04 713.23 713.39 713.57 
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